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1. Introduction

1.1 Organic nitrates and their bioactivation pathways.

Up to now, organic nitrates are still among the most commonly prescribed
medications for the treatment of angina pectoris and myocardial infarction [1, 2].
Their beneficial anti-ischemic effects are mainly based on endothelium independent
vasodilation of coronary arteries, venous capacity vessels, and collaterals [3]. The
mechanism of action of these compounds generally relies on the bioactivation
processes conducted by various classes of enzymes [4, 5]. The proteins that are
responsible for the bioactivation of the organic nitrate moiety are highly compound-
specific. For example, it has been shown that aldehyde dehydrogenase 2 (ALDH-2)
preferentially bioactivates nitroglycerin (GTN) [6] and cytochrome p450 enzymes
perform similar activities on less potent organic nitrates, such as isosorbide-5-
mononitrate (ISMN) and isosorbide dinitrate (ISDN) [7]. In the case of GTN, the
bioactivation yields 1,2- and 1,3-GDN, nitrite, nitrate, and -NO. On top of that,
bioactivation pathways can also produce NO-like species, such as S-nitrosothiols [8].

Classical high potency nitrates, such as GTN or pentaerithrityl tetranitrate
(PETN) can be activated through at least 2 different molecular mechanisms. The first
one is initialized at therapeutic concentrations of the compound, eliciting clinically
relevant vasodilator potency, while the second one accounts for higher, supra-
pharmacological doses of the organic nitrates [9]. A summary of the organic nitrates

bioactivation process is shown in Figure 1.
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Figure 1. Summary of organic nitrates bioactivation process.

High potency nitrates such as nitroglycerin (GTN) and pentaerithrityl
tetranitrate (PETN) are activated by ALDH-2, yielding an -NO containing
compound. This molecule then activates the soluble guanylyl cyclase, which
subsequently causes blood vessels relaxation. The right part of the figure
describes the bioactivation of low potency nitrates  such as isosorbide
dinitrate (ISDN) and isosorbide-5-mononitrate (ISMN). These molecules
are most probably metabolized by P450 enzyme(s) in the endoplasmic

reticulum (ER) directly yielding nitric oxide. Adapted from [10].

1.2 Nitric oxide and/or nitric oxide related species signaling mechanisms via

soluble guanylyl cyclase pathway.

Consensus is achieved regarding the bioactivation products of organic
nitrates. Most scientists believe that once a certain organic nitrate passed a
designated activation pathway, either nitric oxide itself, or ‘NO related species
(RSNO or NO-metal-complex) are released, causing activation of the soluble

guanylyl cyclase (sGC) and up-regulation of the secondary messenger — cyclic
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guanosine monophosphate (cGMP) [11]. This process is followed by activation of
cGMP-dependent protein kinases (cGK-I, cGK-Il), and/or cyclic nucleotide-gated ion
channels [12]. The major function of cGK-I, which is expressed in vascular smooth
muscle cells, is to lower agonist-induced contractile tone. The vasodilating
mechanism is based on the principle of agonist-induced decrease of intracellular free
Ca?* levels in smooth muscle cells and a desensitization of contractile elements to
Ca®" [9]. Additionally, cGK-I reduces extracellular Ca** entry through voltage-gated
calcium channels by phosphorylation of the Ca®"-activated (Maxi) K* - channel
(BKca), consecutively increasing the open probability of this channel and
hyperpolarizing the smooth muscle cell membrane [13]. cGMP-dependent protein
kinases differ in their cellular and tissue distribution. cGK-II is typically anchored to
the plasma membrane by N-terminal myristoylation [14]. This isoform was found
mainly in kidney, cerebellum and mucosa [15]. cGK-Il is involved in bone ossification
[16], controls renin release in the kidney [17] and regulates the intestinal chloride-
and water-secretion [18].

In endothelium-intact coronary arteries it has been shown that GTN relaxation
was partially inhibited by iberiotoxin (specific inhibitor of BKcs-channels), thus
supporting the notion that GTN might relax endothelium-intact vessels also by
activating BKca-channels [19]. Finally, organic nitrates can also affect vascular
eicosanoid production, which leads to the speculation that they might affect vascular
tone by this mechanism as well [20]. A summary of the down-stream signaling

cascades of organic nitrates is presented in Figure 2.
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Figure 2. Summary of organic nitrates down-stream signaling cascades.

Figure has been modified and adapted from [10].

1.3 Nitrate tolerance phenomena.

Under chronic therapy with organic nitrates, such as GTN [21, 22] or ISDN [23]
and/or ISMN [24], hemodynamic and clinical effects of these compounds are
gradually lost or less pronounced. Depending on the clinical setting, the
manifestation of this pathological condition is observed in diverse manner. For
coronary artery disease patients, nitrate tolerance has been described as a loss of
effects on treadmill walking time and time of onset of angina [25]. For congestive
heart failure patients, it was reported as the loss of hemodynamic effects of the
prescribed organic nitrates [26] and in hypertension setting it is characterized as a

loss of antihypertensive effects of these compounds. Similar loss of organic nitrate
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hemodynamic effects was also described for healthy subjects [24]. Mechanisms of

nitrate tolerance development are quite complex and still not fully understood.

1.3.a Pseudotolerance.

After 24 h of continuous nitrate administration, a phenomenon of
pseudotolerance has been described in patients. It is associated with neurohormonal
counter-regulation and expansion of plasma volume [3, 27, 28]. This process is
associated with the release of catecholamines, increases in plasma vasopressin and
aldosterone levels, as well as plasma renin activity [29, 30]. Upregulation of these
neurohormonal vasoconstrictors has been demonstrated in patients with heart failure,
patients with coronary artery disease and healthy individuals that received
nitroglycerin treatment [30, 31]. Additionally, long-term therapy with GTN was
associated with increased sensitivity to other vasoconstrictors such as angiotensin I,
serotonin, thromboxane A and phenylephrine. Increased production of endothelin 1
was proposed as an explanation for this phenomenon and it is thought to function
through a protein kinase C-mediated mechanism [32]. A significant increase in
intravascular volume, secondary to the aldosterone-mediated salt and water retention
[29, 30] has also been observed in patients treated with GTN. Although these
changes could diminish the preload effect of GTN, evidence suggests that these
mechanisms are not fully sufficient to explain the loss of previously observed
properties of organic nitrates. For example, there is a time difference between
neurohormonal activation, plasma expansion, and development of tolerance [29].
Although the potential prognostic significance of these changes needs to be
acknowledged, other mechanisms of tolerance and a hypothesis that explains all

these changes have to be found in the future.
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1.3.b True vascular tolerance.

Already after 48 h of continuous organic nitrate therapy, true vascular
tolerance has been reported in patients suffering from cardio-vascular diseases [33]
but also in healthy volunteers [3, 24]. The definition of true vascular tolerance is the
loss of the vasodilatory potency of a given organic nitrate due to the desensitization
of the -NO/cGMP signaling pathway (e.g. by altered protein expression/function,
oxidative impairment of -NO signaling effects) but not due to pseudotolerance-
dependent (hormonal) counter-regulatory mechanisms [34]. This was also nicely
shown in in vivo nitrate tolerance animal models with the help of isometric tension
recordings where isolated aortic ring segments showed a blunted reaction to the
endothelium independent vasodilator GTN [35]. There have been several hypothesis
proposed to explain the phenomena of pseudotolerance and true vascular tolerance

and they are summarized in the Table 1.

Table 1. Hypothesis proposed to explain the development of nitrate tolerance.

Adapted from [3].

Pseudotolerance

Activation of the renin-angiotensin-aldosterone system

e Increase in circulating catecholamine levels and
catecholamine release rates

e Increase in vasopressin levels

¢ Volume expansion

True vascular e Impaired GTN biotransformation
tolerance e Increased vascular superoxide production

e Desensitization of the soluble guanylate cyclase
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¢ Increase in phosphodiesterase activity
e Increased sensitivity to vasoconstrictors

¢ Increased endothelin-1 expression

1.4 Suggested mechanisms of true vascular tolerance development.

Previous investigations in the field of organic nitrate tolerance development
lead to several possible mechanisms for the induction of this serious side effect.
Among these traditional concepts are: impaired nitrate biotransformation, increase in
phosphodiesterases (PDE) activity; desensitization of sGC; depletion of intracellular
SH-groups [34].

Initial data on the involvement of thiol depletion in the pathogenesis of nitrate
tolerance came from the observation that thiol-dependent proteins are inhibited in the
mitochondria of rats treated with GTN [36]. Additionally, organic nitrates have been
shown to cause swelling of rat liver mitochondria [37]. Needleman and coworkers
also emphasized the importance of sulfhydryl groups for the correct mitochondrial
enzymatic functioning during organic nitrate therapy. They determined a direct
correlation between loss of vasodilation and the depletion of thiol groups [38].
Consecutively, this theory has been expanded and the formation of S-nitrosothiols
was proposed as an explanation for the massive depletion of the cellular thiol groups
after nitroglycerin treatment [39]. Later on these hypotheses have been confirmed by
the prevention of nitrate tolerance by sulfhydryl-donors such as N-acetylcysteine [40].

Desensitization of the sGC was one of the initial hypotheses that has been
proposed in order to explain the phenomenon of nitrate tolerance [41]. This paradigm
was in line with the observation that patients treated with one type of organic nitrate

exhibited reduced sensitivity to other -NO-dependent vasodilators (cross-tolerance).
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Additionally, it has been reported that S-nitros(yl)ation of sGC results in its decreased
reactivity to -‘NO and down-stream of this, by diminished cGK-l activity [42].
Desensitization of sGC was concentration- and time-dependent on exposure to S-
nitrosocysteine. Later it was proposed that S-nitros(yl)ation of sGC is a way by which
‘NO exposure is kept in the memory of smooth muscle cells and could be a
mechanism of -NO tolerance. These results were later confirmed in the in vivo setting
of a 3-day continuous treatment with GTN, leading to desensitized and S-
nitros(yl)ated sGC in the tolerant tissue [43]. These effects were reversed by the co-
treatment with the sulfhydryl donor N-acetylcysteine [43]. Furthermore, our group has
recently shown that oxidative inhibition of the sGC is a critical point in the
desensitization of this enzyme, leading to GTN tolerance and being corrected by sGC
activators, a novel class of -NO-independent sGC activity enhancing drugs [35].

First indications that phosphodiesterases can be involved in the pathogenesis
of nitrate tolerance came from the detection of altered cGMP turn-over rates in the
blood vessels that were in vitro treated with organic nitrates [44]. Furthermore,
vasodilatory and hemodynamic properties of the nitrate compounds were improved
with the unspecific PDE inhibitor — dipyridamole [45]. Nitroglycerin-mediated
activation of the PDE 1A1 isoform was also shown in calcium-pre-constricted vessels
that led to impaired -NO/cGMP-dependent vasodilation as well as aggravated
vascular nitrate tolerance and cross-tolerance to acetylcholine-mediated relaxation
[46]. Such negative effects were mitigated by the PDE-1 specific inhibitor —
vinpocetine.

The identification of a role for mitochondrial enzymes in the biotransformation
of GTN and PETN opened a new direction for the research on nitrate tolerance
development. The oxidation of thiol groups in the structure of ALDH-2, as well as in

sGC, reduces the rates of GTN biotransformation and impairs the down-stream -NO
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signaling. Though, should be mentioned that this perspective is only applicable to
GTN tolerance but not to ISMN or ISDN tolerance, since these compounds do not (or
only marginally for ISDN) undergo mitochondrial metabolism [47].

A summary of the currently known molecular processes contributing to the
development of GTN-induced nitrate tolerance are shown in Figure 3.
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Figure 3. Molecular mechanisms of GTN-induced nitrate tolerance.

Approximately within first 24 h of continuous GTN administration a
phenomenon of pseudotolerance takes place. It is described by increased
catecholamine and vasopressin plasma levels, increased intravascular
volume, and activation of the renin-angiotensin-aldosterone system (RAAS).
Within 48-72 h of continuous GTN treatment, true vascular tolerance has been
detected. This pathological condition is associated with endothelial and

smooth muscle dysfunction and vasoconstrictor supersensitivity. Additionally,
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several sources of RONS have been shown to be up-regulated, among them:
NADPH oxidase activation by protein kinase C (PKC), inhibition of nitric oxide
synthase (NOS) activation by PKC, uncoupling of endothelial NOS.
Furthermore, bioactivation of GTN by ALDH-2 in mitochondria is impaired due

to elevated RONS levels, in particular - ONOO'. Figure has been adapted from

[3].

1.5. Oxidative stress as a hall-mark of nitrate tolerance.

As early as in 1995, it has been shown that tolerant vessels produced
approximately twice the amount of reactive oxygen species (ROS) compared to the
controls and this increase was corrected by the addition of superoxide dismutase (by
O," decomposition to hydrogen peroxide and oxygen) [48]. Additionally, nitroglycerin
triggered the release of peroxynitrite from the vasculature and particularly from the
endothelium of the tolerant animals [49]. These data have been confirmed in human
arterial segments from patients receiving chronic GTN therapy [33, 50]. Other
parameters supporting the oxidative stress hypothesis of nitrate tolerance
development were: elevated free-radical induced lipid peroxidation products, such as
esterified 8-epi-prostaglandin F2a (PGF2a), cytotoxic aldehydes and isoprostanes
[51]. Several sources of nitrate-induced reactive oxygen and nitrogen species were
identified: the mitochondrial respiratory chain complexes [52, 53], activation of the
phagocytic NADPH oxidase [48, 54] and uncoupling of the endothelial nitric oxide
synthase (eNOS) [28, 55].

The identification of oxidative stress as one of the driving forces in the

pathogenesis of nitrate tolerance provides a direct link to the previously discussed
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impaired biotransformation of organic nitrates in the setting of tolerance. In addition,
this provides a unified explanation for the observed vascular phenotype.

Several mechanisms have been postulated for the GTN stimulated
mitochondrial ROS production. To name just a few: mitochondrial swelling,
premature release of partially reduced oxygen from mitochondrial complex | or Ill,
depolarization of mitochondrial membrane potential and initiation of lipid peroxidation
[56]. By increasing mitochondrial ROS production, GTN can either oxidatively inhibit
ALDH-2 or deplete its essential repair cofactors, such as dihydrolipoic acid [57].
Additionally, recent data obtained with purified ALDH-2 provide evidence that ALDH-
2 itself could be a source of GTN-triggered ROS formation [58].

Negative effects of ROS are not only limited to mitochondria and there is clear
evidence that leakage of mitochondrial ROS into the cytoplasm, where it has been
demonstrated to activate a cross-talk with the vascular NADPH oxidase, leads to
further ROS production and the formation of highly reactive peroxynitrite [54]. Due to
a very short half-life and high diversity of reactive oxygen and nitrogen species it is
hard to determine a specific role for every species. Though, several activities have
been specifically ascribed to ONOO". It may cause tyrosine nitration of the
prostacyclin synthase, reducing endothelial prostacyclin formation [49]; oxidize the
endothelial -NO synthase (eNOS) cofactor BHy4; and directly inhibit the activity of the
sGC and/or other enzymes involved in -NO signaling (for review see [34]). The
impact of ROS on BH, is particularly important. GTN may cause a phenomenon
called eNOS uncoupling by oxidative BH,4 depletion, and this will switch the enzyme
from -NO to superoxide production [28], which may further increase oxidative stress
in vascular tissue in a positive feedback fashion [59] (for mechanisms of uncoupling

see figure 4). These observations are consistent with the hypothesis that nitrate-
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induced oxidative stress impairs endogenous ‘NO production, accounting for ISMN-

induced endothelial dysfunction (cross-tolerance) [60].

6. 5. 4
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Figure 4. Proposed mechanisms underlying GTN-induced eNOS

uncoupling and endothelial dysfunction.

GTN treatment causes a decrease in Serl177 and an increase in Tyr657 and
Thr495 phosphorylation of the endothelial nitric oxide synthase, leading to a
decreased activity (eventually also uncoupling) of the enzyme. In addition, the
key enzyme of the de novo synthetic pathway of the endothelial nitric oxide
synthase (eNOS) cofactor tetrahydrobiopterin (BH,), GTP-cyclohydrolase-1
(GCH-1), is downregulated by chronic GTN treatment [61], also leading to a
dysfunctional, superoxide (O7)-producing nitric oxide synthase. S-
glutathionylation, a novel regulatory pathway of eNOS coupling state [62], is
increased in the setting of tolerance [28]. The endogenous inhibitor of eNOS,

ADMA, is upregulated in response to oxidative stress conditions. In addition,



down-stream of eNOS, the -NO receptor sGC, is desensitized by GTN
mediated S-nitrosation and potentially S-oxidation and/or oxidative depletion
of heme. ADMA, asymmetric dimethylarginine; PKC, protein kinase C; PYK-2,
protein tyrosine kinase-2; eNOS, endothelial nitric oxide synthase; Haem,
heme moiety (iron porphyrin); CaM, calmodulin; FMN, flavin mononucleotide;
FAD, flavin adenine dinucleotide; GSSG, glutathione disulfide (oxidized

glutathione); Akt, protein kinase B. Adapted from [63].

1.6 Endothelial dysfunction as a consequence of organic nitrate treatment.

During prolonged treatment with organic nitrates such as GTN, ISMN, and
ISDN, impairment of the release of endothelium-derived -NO in response to
endogenous stimuli (e.g. acetylcholine) has been detected in patients. This
phenomenon, also known as nitrate-triggered endothelial dysfunction (cross-
tolerance), has been observed in animal studies and in humans during continuous
therapy (for review see [3]). In large coronary arteries, 5 days treatment with
transdermal GTN leads to an enhanced acetylcholine-induced paradoxical
constriction instead of endothelium-dependent vasodilation [64]. Endothelial
dysfunction in response to organic nitrates may be caused by different mechanisms,
including decreased expression and/or activity of the endothelial NOS or even
uncoupling of this enzyme [65]. Additionally, minimal concentration of an eNOS
inhibitor caused blood vessels dilation, which was compatible with the inhibition of
eNOS-dependent vasoconstrictory superoxide formation and interpreted as human in
vivo evidence of GTN-induced eNOS uncoupling. Further supporting these data,
GTN-induced endothelial dysfunction was prevented by folic acid, a compound that

facilitates recoupling of eNOS [66]. Importantly, endothelial dysfunction is not only a

22



unique feature of the GTN induced nitrate tolerance; it has been also detected during
the treatment with intermittent doses of ISMN [60]. Of note, eNOS expression is
rather up- than down-regulated in the setting of nitrate tolerance, implying a feedback
compensatory mechanism for the dysfunctional uncoupled eNOS [55]. The rebound
phenomenon, which is often observed during withdrawal of nitrate therapy, is also

associated with endothelial dysfunction [64].

1.7. Genotoxicity associated with organic nitrates.

As it has been previously discussed, organic nitrates after passing their
respective biotransformation pathways elicit diverse reaction products. It is assumed
that nitric oxide is the major vasodilator generated during the bioactivation process
but also other -NO-related species (Fe-NO, RSNO) might be formed. -NO and its
products demonstrate genotoxic effects. Considerably high genotoxicity originates
from the reaction of -NO with oxygen and/or superoxide [67]. The interaction of nitric
oxide and its related species with DNA can be classified into two groups: direct and
indirect DNA damage. Figure 5 illustrates the possible reactions suggested for both

groups.
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Figure 5. Mechanism of -NO genotoxicity.

The DNA damaging effects of ‘NO are based on its reaction with oxygen
and/or superoxide. The genotoxicity is mediated either by N»O3; and/or
peroxynitrite, or via indirect effect on DNA due to the activation of the
intermediary formed nitrosamines and inhibition of DNA repair pathways.

Adapted from [67].

‘NO reacts with molecular oxygen to produce NO,- along with other nitrosating
agents like N2Os. Both nitrogen oxides react with water to yield NO,” and NO3™ [68].
As a result, the abundancy of reactive species that might have DNA damaging
properties increases exponentially, especially in favorable in vivo environment.

In general, there are three mechanisms of action by which nitric oxide or -NO

related species could exert DNA damaging effects upon reaction with O, and/or
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superoxide. These are: formation of N-nitroso compounds, direct DNA attack by
peroxynitrite and/or hydroxyl radicals and deamination of nucleobases [69].

Nitrosation of amines and amides to form N-nitroso compounds occurs at
various pHs in the presence of -NO and O.. It is important to note that without oxygen
this reaction is not possible [69]. In the in vivo setting N-nitroso amines are
metabolized to strong alkylating electrophiles that react with DNA at multiple
nucleophilic sites: N-7 and O-6 positions on guanine and N-3 positions on adenine.
Alkylation on the O-6 position of guanine is considered as the most mutagenic one,
leading to G — A transitions during the DNA replication process [70].

The reaction of -NO with superoxide anion is approximately 5 times faster than
the decomposition of superoxide by SOD [71]. Therefore the generation of the
reaction product peroxynitrite under in vivo conditions is a fact and its formation rate
only depends on the relative amounts of -NO, superoxide and SOD [72]. It is a potent
oxidizing agent that might have OH’ like reactivity [73]. As a result of its reaction with
the nucleic acids, DNA strand breaks and oxidative modifications have been detected
[74]. The exact mutagenic profile of peroxynitrite has been determined in vitro using
bacterial and mammalian cell cultures. Exposure of the cells to peroxynitrite induced
transversion mutation in DNA, mostly G — T at GC pairs [75]. Additionally,
peroxynitrite causes formation of the 8-nitroguanine adduct, which is rapidly
depurinated to form an apurinic site, increasing the possibility of G — T transversions
[76]. Furthermore, hydroxyl radicals are potent DNA damaging agents that are able
to induce strand breaks, cross links, abasic sites and modified bases. One of the
classical markers of its base oxidizing activity is 8-hydroxyguanine (8-oxo-G) [77].

Spontaneous DNA deamination is an extremely rare event, so when this
process is detected with higher frequency, this points to the deleterious effects of a

specific group of reactive species. Starting from 1991 there were several reports
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published demonstrating that -NO and its derivatives can deaminate DNA at
physiological pH [68]. Nguyen et. al. reported that 22 pmol/ml -NO can lead to
deamination of adenine and guanine [78]. The results obtained with the individual
nucleobases were partially at odds with the data received with nucleic acids. When
single nucleobases were incubated with -NO, adenine showed higher deamination
yields than guanine and the pattern was changed to the opposite with the complete
DNA or RNA molecules. Similar yields were also observed for xanthine and
hypoxanthine. The deamination of cytosine leads to the formation of uracil, which
triggers the activation of uracil glycosylase which is responsible for its removal from
the DNA strands. Once being excised it leaves an abasic site that is quite often
mismatched by the insertion of adenine after the replication process. This will lead to
G:C — A:T transitions. If aberrant uracil is not detected by a glycosylase it could be
paired with an adenine in the following replication cycle. The deamination of guanine,
on the other hand, could explain the G:C — T:A and G:C — C:G transversions.
Another pattern is observed when methylated cytosine is deaminated, resulting in the
formation of thymine. This defect is especially significant from the epigenetic
perspective, since DNA methylation patterns are critically important for gene
regulation, differentiation and genomic imprinting [69]. A summary of the DNA

deamination processes is shown in Figure 6.

26



§ ﬁ I ]

Cc Cc

N/C\CH i NcH N/c\ /N\ N \C/N\
[ IF == n o e e

oO==C__ _~CH o=C__ O Ho /c\N/ o /C\N/

u H N H N H
Cytosine Uracil Adenine Hypoxanthine

NHz o} o}

c !! L A
NZ Nc—cH, i \C—CH3 N~ \c/N\\ HT IC/\\CH
o — L B AT L

o=c\ /CH o=c\u/CH HZN_C\N/C\Q — \u/ \u

N

5-Me-cytosine Thymine Guanine Xanthine

Figure 6. Products of DNA base deamination

Adapted from [69].

1.8 DNA repair, as a cellular response to genotoxicity induced by organic

nitrates.

Depending on the type of DNA modification, different repair mechanisms will
be activated in order to remove the resulting damage. Whenever a toxic modification
on a specific nucleobase appears or leads to formation of abasic sites, base excision
repair (BER) is activated to resolve this problem [79]. Key players of the BER are
DNA glycosylases (uracil-DNAglycosylase(UNG) [80], 8-oxo-guanine DNA
glycosylase (OGG1) [81], nth endonuclease lll-like 1 (NTHL1) [82] and nei
endonuclease Vlli-like 1, 2 or 3 (NEIL1/NEIL2/ NEIL3) [83]), all of which recognize
different base modifications; DNA endonucleases such as apurinic/apyrimidinic

endonuclease 1 (APE1) [84]; DNA polymerases (PolB) and DNA ligases (Lig1) [85].
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The specificity of this repair pathway is achieved by the activity of the glycosylases
that “scan” DNA molecules by slightly pulling the nucleotide strain. If there is a
distortion of the helix, caused by a lack of hydrogen bonding between damaged
Watson—Crick base pairs, these enzymes will flip this nucleobase out, insert it into
the catalytic pocket, consequently cleave the N-glycosidic bond between the
damaged base and the 2’-deoxyribose, and generate an apurinic- or apyrimidinic-
(AP) site. All, AP sites are then processed by apurinic/apyrimidinic endonuclease 1
(APE-1), leaving clean 3’ and 5’ ends that allow DNA polymerase 3 (Polf) and DNA
ligase | (Ligl) to insert and ligate the appropriate base [86].

OGG-1 is a glycosylase evolved to specifically remove 8-hydroxyguanine. By
definition it is a bi-functional enzyme with the associated AP-lyase activity [87]. It
contains two DNA binding motifs, a HhH and Cys,-His, zinc finger like motif. A
general view of the OGG-1-dependent recognition of the damaged nucleobase is

shown by the crystallographic X-ray structure (see Figure 7).
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Figure 7. Crystallographic X-ray structure of the OGG-1 enzyme bound to
the double-stranded DNA with the 8-hydroxyguanine modification.

OGG-1 structure is represented in the form of B-sheets and a-helixes
designated with various colors. 8-hydroxyguanine is designated in blue color
and marked with an arrow. It flips out of the DNA helix into the catalytic pocket
of the enzyme. The protein database file (LYQR) was used for rendering the

structure with PyMOL (Schrddinger, USA).

After recognition of the C:8-oxo-G base pair, OGG-1 disrupts the hydrogen
bonds between the nucleobases and inserts the 8-oxo-G part into the catalytic
pocket. At the same time the glycosylase activity takes place, supported by a local

conformational change induced by the presence of cytosine on the opposite strand.
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After excision of the damage, OGG-1 retains the modified nucleobase and uses it as
a cofactor for the subsequent B-lyase cascade [88].

O°-methyl-guanine (O°-me-G) is one of the major mutagenic lesions in DNA
induced by alkylating compounds, such as nitrosating amines. During the DNA
replication process it has a higher preference for thymine instead of cytosine due to
more efficient Watson-Crick base pairing [89, 90]. O°-methyl-guanine-DNA
methyltransferase (MGMT) is a ubiquitously expressed nuclear enzyme which
removes alkyl groups from the O®-position of guanine [91]. The alkyl group extracted
from the O° position of guanine is transferred to a cysteine residue within the active
site of MGMT in a stoichiometric second-order reaction. This process leads to the
inactivation of MGMT enzyme and this process is termed “suicide inhibition” [92].
Therefore, the efficiency of O°%me-G repair is limited by the number of MGMT
enzyme molecules available, considering that the removal of this modification is the
sole function of MGMT and this mechanism does not have alternatives. If such
nucleobase damage is not repaired, O°-me-G forms a base pair with thymine. The
mismatched O°-me-G:T base pair is recognized by the mismatch repair pathway
(MMR) involving proteins such as MLH1, MSH2 and MSH®6 [91]. In certain cases, the
DNA repair process can be initiated, followed by the recognition component in the
chain of events, but afterwards, due to the mistakes in the consecutive steps or other
reasons, it can be stopped and not completed, eventually leading to cell cycle arrest
and apoptosis [91]. The crystallographic structure of human MGMT enzyme is shown

in Figure 8.
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Figure 8. Crystallographic X-ray structure of the human MGMT enzyme
and schematic representation of MGMT mechanism of action.

(A) Crystallographic structure of the human MGMT enzyme covalently cross-
linked with the DNA molecule. The O°me-G molecule and the cysteine

residue responsible for the alkyl transfer are highlighted in magenta color. The
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protein database file (1T38) was used for rendering the structure with PyMOL
(Schrdédinger, USA).

(B) Schematic representation of the alkyl transfer reaction initiated by MGMT
in order to repair the modified O®-me-G base on the DNA molecule. The figure

was adapted from [93].

1.9 First clinical evidence of DNA damage association with prolonged organic

nitrate therapy.

Considering that cardiovascular diseases are the leading cause of morbidity
and mortality in the developed countries there is a growing interest in the search of
new prognostic biomarkers, that might serve as an early determinant of the disease
development [94]. Recently, special interest has been payed to investigations of the
DNA damage involvement in the pathogenesis of organic nitrate-associated side
effects (drug-induced complications). Andreassi and coworkers suggested the
measurement of micronuclei formation in peripheral blood lymphocytes of patients
undergoing long term organic nitrate therapy as a read-out of the somatic DNA
damage [95]. The micronuclei formation (MN) assay is based on the microscopic
evaluation of the fixed lymphocytes, where the formation of chromosomal fragments
is present. Such chromosomal fractionation might originate from the extrinsic factors
such as reactive species and/or impaired DNA repair that cause chromosome
breakage. Also intrinsic factors might come into play, when chromosomes are not
correctly distributed during the mitosis process leading to the formation of
micronuclei, visible in the interphase part of the replication process [95]. The

schematic representation of this process is shown in Figure 9.
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Figure 9. Schematic representation of the formation of micronuclei.

There are two major pathways leading to the formation of micronuclei. The
upper part of the figure represents the formation of this modification during the
metaphase/ anaphase during the mitosis process. The lower part of the image
describes the formation of micronuclei after breakage of the chromosome or
unsuccessful integration of a chromosome in the daughter nuclei. Figure

adapted from [96].

With the help of the MN assay, Andreassi and coworkers have shown a
significant increase in DNA damage in patients under chronic organic nitrate therapy
[96], however, without providing mechanistic insights and also without a specification
of the used organic nitrates. This observation does not only raise the question

whether organic nitrate-induced DNA damage contributes to the pathogenesis of
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nitrate tolerance but also warrants caution for their long-term use since mutagenic
DNA lesions may contribute to the development of cancer, as observed with other
NO donors [67], or increased rates of apoptosis [97]. In this respect, previous meta-
analyses of clinical trials with more than 4,000 patients revealed that chronic organic

nitrate therapy was associated with decreased life expectancy [98, 99].

2. Aims of the study.

With the present study | aimed to investigate the interaction between DNA
damage, oxidative stress and vascular dysfunction in experimental nitrate tolerance.
For this purpose | employed an in vitro model of cultured human endothelial cells
(EA.hy 926) treated with nitroglycerin (GTN) and in vivo GTN administration in Wistar
rats. Another question that | sought to answer with this study was the direct
implication of DNA damage in the severity of nitrate tolerance and associated side
effects. In order to pursue this line of research | used GTN-treated O°-methylguanine-
DNA methyltransferase (MGMT) knockout mice with impaired DNA damage repair

capacity.
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3. Materials and Methods

3.1 Materials.

GTN was used either as a nitrolingual infusion solution (1 mg/ml) from G.
Pohl-Boskamp (Hohenlockstedt, Germany) for isometric tension studies, or as an
ethanolic solution (100 g/l) from Novasep (Leverkusen, Germany) for induction of
nitrate tolerance in vivo. L-012 (8-amino-5-chloro-7-phenylpyrido[3,4-d]pyridazine-
1,4-(2H,3H)dione sodium salt) was from Wako Pure Chemical Industries (Osaka,
Japan). The Bradford reagent was obtained from BioRad, Munich, Germany.
Osmotic mini-pumps (product #:2001, release rate 1 pl/h; product #:1007, release
rate 0.5 pl/h) for the subcutaneous delivery of GTN were obtained from Alzet
(Cupertino, CA, USA). All other chemicals were of analytical grade and were

obtained from AppliChem, Merck, Fluka or Sigma-Aldrich.

3.2 Animals and treatment protocol.

All animal treatment was in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the U.S. National Institutes of
Health and approved by the Ethics Commission according to the German Law on the
Protection of Animals (Landesuntersuchungsamt Rheinland-Pfalz, Koblenz,
Germany: #23 177-07/G12-1-084). In total, 68 male Wistar rats (6 weeks old, 300 g,
Charles River Laboratories, Sulzfeld, Germany) were studied. Nitrate tolerance in
Wistar rats was induced by twice daily subcutaneous injection of ethanolic GTN
solution (50 mg/kg/d — high dose) or by subcutaneously implanted osmotic pumps
(Alzet model 2001, CA, USA) and infusion of GTN with doses of 10 mg/kg/d (low

dose) and 20 mg/kg/d (medium dose) for 3.5 days [28]. Ethanol injections (similar
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volume as for the ethanolic GTN solution) served as a solvent control. MGMT™

knockout mice on a C57BL/6 background [100] and C57BL/6 mice as corresponding
wild type controls were also used in this study. A total number of 50 MGMT™"
knockout and age matching C57BL/6 mice (12-14 weeks old, ~30 g) were treated
with subcutaneous injection of ethanolic nitroglycerin solution (30 mg/kg/d) or ethanol
injections for 3.5 days. The schematic representation of the implantation of osmotic

mini-pumps is shown in Figure 10.

Figure 10. Schematic representation of the implantation of an osmotic
mini-pump into a Wistar rat.

Image courtesy: Harlan laboratories, www.alzet.com.

3.3 Tissue excision from the experimental animals and preparation of isolated

tissues.

Under a stable isofluran anesthesia, animals were cut open longitudinally from
the symphysis to the jugulum. As a next step, ribs and sternum were cut and the
pericardium was opened. 200 ul (for mice) and 1 ml (for rats) of the anticoagulant —
heparin, were injected directly into the heart to prevent the animal’s blood from

clotting. Subsequently, approximately 700 pl (for mice) and 8 ml (for rats) of blood
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were withdrawn from the animal’s circulation using a syringe, thereby causing death
by exsanguination. The obtained blood was stored for later ROS and RNS
measurements. Afterwards, the heart was excised by carefully dissecting the
ascending aorta as well as the pulmonary trunk and venae cavae and immersed in
pre-chilled Krebs-Hepes buffer (NaCl 99.01 mM, KCI 4.69 mM, CaCl, 2.5 mM,
MgSO, 1.2 mM, NaHCO3; 25 mM, K;HPO4 1.03 mM, Na-Hepes 20 mM, D-Glucose
11.1 mM). Aortae were gently separated from the animal’s body, with an emphasis
on preventing any damage (stretching, bending etc.) to the vessels from ensuing.
They were later on placed in ice-cold Krebs-Hepes buffer for further preparation.

In a petri dish adhesive adipose and connective tissue were removed from the
aortae, immersed in pre-chilled Krebs-Hepes buffer on ice. The remaining clotted
blood in the vessel was rinsed out with the syringe filled with Krebs-Hepes buffer.
Following the preparation, aortae were cut with scalpel into rings and kept in modified
Krebs-Hepes buffer (aprotinin 10 ug/ml, leupeptin 5 pg/ml, pepstatin 7 yg/ml in 10 mli
of Krebs-Hepes buffer) at +4 °C for protein extraction and cryo-conservation at -80

°C.

3.4 Cryo-conservation of the aortic ring segments.

Extracted and cleaned from the adhesive tissues, aortae were cut into 4 mm
segments and incubated in the Krebs-Hepes buffer for 15 min at 37 °C. After the
incubation, aortic ring segments were placed into small reservoirs made out of
aluminum foil and filled with 1 ml of polymeric resin (Tissue Tek, Sakura, Staufen,
Germany). The afore mentioned containers with aortae fixed in polymeric resin were
placed in liquid nitrogen avoiding it's spilling over the reservoirs edges. Such low
temperature enhanced gradual freezing of the resin and lead to tissue preservation

for a prolonged period of time at -80 °C. The prepared cryo-samples were then cut
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with the cryostat (Cryostat Leica CM3050S, Leica Biosystems Nussloch GmbH,
Nussloch, Germany) at -25 °C, into cryo-sections with 6 um in width and transferred
onto SuperFrost® microscope slides (Thermo Fisher Scientific, Langenselbold,
Germany). The slides were either used directly, or stored at -80 °C for a maximum of

2 weeks.

3.5 Isometric tension studies.

The endothelial function can be assessed with the help of isometric tension
studies. The concept of this assay is based on the recording of different relaxation
patterns of aortic ring segments upon subjection to different vasoconstrictors and
vasodilators in organ chambers. If endothelial function of the blood vessel is fully
operational an appropriate endothelium-dependent relaxation in response to the
endogenous neurotransmitter and vasodilator acetylcholine will be observed. A less
pronounced acetylcholine-dependent relaxation will be detected upon development
of the endothelial dysfunction. On the other hand, vasorelaxation can be assessed
using substances that directly yield the formation of nitric oxide as for instance GTN,
spermine NONOate, or sodium nitroprusside (SNP), initiating direct activation of the
sGC/cGMP/cGK-1 pathway in the vessel's media and lead to vasorelaxation,
bypassing the endothelium. Relaxation by cumulative concentrations of GTN will also
allow the identification of the development of true vascular nitrate tolerance in GTN
treated animals. This state is characterized by an impaired relaxation of the smooth
muscle in response to the endothelium-independent relaxant. Vasodilator responses
to the endothelium-dependent vasodilator acetylcholine (ACh) and the endothelium
independent vasodilator GTN were assessed with endothelium-intact isolated rat and

mouse aortic rings (thoracic aorta, 4 mm in length) mounted for isometric tension
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recordings in organ chambers filled with Krebs-Hepes buffer [47, 101]. A constant
temperature of 37 °C and bubbling of the buffer solution with carbogen gas (95%
oxygen, 5% carbon dioxide v/v) was maintained in the organ chambers throughout

the experimental measurements.

Figure 11. Schematic representation of the measurement of isometric
tension in isolated vessels in an organ bath chamber.

(A) The picture shows the general set-up of this method, where an aortic ring
is placed in a 30 mL tissue bath (1) filled with Krebs-Hepes buffer, and
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maintained at 37 °C with the help of a water bath circulating system (2) and
constantly bubbled with carbogen gas mixture (CO, (5%) and O, (95%)) (5).
The change of the force (=tension) in the aortic ring segment is detected with
a force transducer (4), connected to an amplifier (6) and in our case to the
computer (7).

(B) The picture shows a magnification of the organ bath chamber in section A.
The aortic ring segment (8) is mounted on a fixed, stainless steel hook (9),
connected to the tissue bath and to another mobile stainless steel hook (10)

that is connected to the force transducer. Figure adapted from [102].

As it is seen in Figure 11, the isometric tension recording apparatus consist of
organ bath chambers, a force transducer on top and a fixed support at the bottom.
Inside the chambers substances can be added to the surrounding buffer and
instantaneously washed out after a defined period of time. The force transducer is
used to register slight changes in vascular tone response of the vessels (constriction
and relaxation, measured in g). The obtained values are then electronically
processed and graphically visualized. The cyclooxygenase inhibitor indomethacin (10
MM) is added to the chambers to prevent the production of prostaglandins and other
vasoactive eicosanoids that might mitigate the results of the measurement to ensure
more specific measurement of -NO/cGMP-dependent relaxation.

Several preparatory steps should be made before the experimental procedure,
among them - aortic pre-stretching. The force applied to the tissue is gradually
increased, up to 1.1 g, as has been previously predetermined. Constant isometric
constriction is induced by increasing concentrations of potassium chloride (5, 10, 20,
40 and 80 mM) in order to create a dose-response curve. After a washing step, the

basal tone of 1.1 g was reestablished and the aortic segments were again pre-
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constricted either with phenylephrine (rat tissue) or with to prostaglandin Fyq (Mmouse
tissue) at a concentration of approximately 3 uM leading to a constriction of 50-60 %
of the maximal constriction caused by 80 mM KCI. Afterwards, contracted aortic
segments were subjected to cumulative concentrations of acetylcholine (10 to 10°°
M), and after 3 subsequent wash-out procedures and de novo pre-constriction with
the species-specific vasoconstrictor, subjected to cumulative concentrations of GTN
(10° to 10*° M). This method has been conducted in collaboration with and help of

Joerg Schreiner.

3.6 Detection of oxidative and nitro-oxidative stress in whole blood and aorta.

Leukocyte-dependent RONS formation was measured in fresh citrate blood,
which was diluted 1:50 in PBS buffer containing Ca/Mg (1 mM) upon stimulation with
zymosan A (50 pg/ml) by L-012 (100 uM) enhanced chemiluminescence (ECL) at 37
°C [103, 104]. The chemiluminescence signal was measured in a Lumat LB 9507
luminometer (Berthold, Bad Wildbad, Germany) and accumulated over 1 s, detected
in intervals of 10 min over a time period of 60 min and the value at 30 min was used
for the evaluation of data.

Vascular RONS formation was determined using dihydroethidium (DHE, 1
uM)-dependent fluorescence microtopography in aortic cryo-sections as described
[55, 105]. DHE was incubated for 30 min at 37 °C. RONS-derived red fluorescence
was detected using a Zeiss Axiovert 40 CFL microscope, Zeiss lenses and Axiocam
MRm camera. Intensity of the DHE fluorescence products was evaluated by
densitometry using the Gel-Pro Analyzer software (Media Cybernetics, Bethesda,

MD).
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For the immuno-histochemical (IHC) analysis of 3-nitrotyrosine (3-NT) as a
direct product of peroxynitrite induced nitro-oxidative stress, aortic segments were
fixed in paraformaldehyde (4 %) and then paraffin-embedded. In order to unmask the
antigen, the obtained samples were treated with target retrieval solution (pH 6 or 9,
depending on the antibody) in a steamer. Consecutively, tissues were stained with
mouse monoclonal 3-nitrotyrosine antibody (Upstate Biotechnology, MA, USA) at a
dilution of 1:100; anti-mouse biotinylated secondary antibody (1:1,000) was used
following the manufacturer's instructions. For immuno-chemical detection, ABC
reagent (Vector) and then DAB (peroxidase substrate Kit, Vector) reagent were used
as substrates. The procedure was previously described [106]. Evaluation of the

immuno-histochemical results was done with the ImageJ software (NIH, USA).

3.7 Detection of oxidative and nitro-oxidative stress in heart.

The excised animal hearts were placed in an ice-cold petri dish and thoroughly
cut with a scalpel. For assessment of mitochondrial RONS formation, further tissue
homogenization was conducted in an ice-cold HEPES-mito buffer (Hepes 45 mM,
sucrose 70 mM, mannitol 220 mM, EGTA 1 mM, BSA 30 uM), pH 7.4. After
centrifugation at 1,500xg for 6 min at 4 °C the supernatant was transferred to a new
Eppendorf tube and once again centrifuged at 2,000xg for 6 min at 4 °C. The
supernatant was again collected and centrifuged for a third time at 20,000xg for 20
min at 4 °C. Following these centrifugation steps the supernatant was discarded and
the remaining pellet was washed and later on re-suspended in Tris-mito buffer
(sucrose 340 mM, KCI| 100 mM, Tris-HCI 20 mM, EDTA 1 mM), pH 7.5. The protein
concentration was determined by Lowry method using SDS to break the

mitochondrial membrane and equal amounts of proteins (0.1 mg/ml) were used for
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further ROS detection. In the presence of L-012 (100 uM) and the mitochondrial
complex Il substrate succinate (5 mM) at a final volume of 500 pl, achieved by the
addition of an appropriate volume of PBS to each sample, the chemiluminescence
signal was measured in a Lumat LB 9507 luminometer (Berthold, Bad Wildbad,
Germany) [47]. The signal was detected in intervals of 30 s over a time period of 5
min and the value of the last interval was used for the evaluation of data. According

to previous reports, L-012 has the highest specificity for peroxynitrite [104, 107].

3.8 Protein concentration determination by Lowry method.

The principle of the Lowry protein concentration determination method is
based on the Biuret reaction: under alkaline conditions, peptide bonds form a violet
complex with copper (Il) ions, thus giving protein concentrations detection range of 1
- 10 yg/ml. In order to optimize measuring conditions of this reaction, a second step
has been added. Using the Folin-Ciocalteu reagent, detection threshold can be
lowered to 0.1-1 pg/ml.

For the detection of cardiac mitochondria protein concentration all samples
were incubated for 10 minutes at 37 °C with 0.1% (w/v) SDS-solution in 1:20 dilution.
The incubation with SDS results in the destruction of cellular membranes and a more
complete protein release from the tissue samples. Subsequently, 25 ul of this mixture
were transferred to a cuvette. Next, 125 ul of a reagent A+S mixture (pre-warmed in
a 50:1 proportion) were added to the cuvette followed by 1 ml of reagent B,
thoroughly stirred and incubated for another 10 minutes at room temperature (Bio-
Rad D. Protein Assay, Bio-Rad Laboratories, Hercules, CA, USA). The protein
concentration was determined photometrically at 700 nm (Thermo Fisher Scientific,

Langenselbold, Germany). Samples of various BSA concentrations (0 (solvent only),
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2.5, 5 and 10 mg/ml) were used to establish a standard curve, used for the
calculation of the protein concentration of the experimental samples. Following the
concentration determination step all samples were diluted with a Tris buffer to a given
protein concentration (preferably > 5 mg/ml) in the stock solution that was used for

further measurements at a final protein concentration of 0.1 mg/ml in PBS buffer.

3.9 Detection of nitrosyl-iron hemoglobin in whole blood by electron

paramagnetic resonance (EPR) spectroscopy.

Electron paramagnetic resonance (EPR) spectroscopy is a technique used to
study chemical species with unpaired electrons. EPR spectroscopy plays an
important role in the understanding of organic and inorganic radicals, transition metal
complexes, and some biomolecules [108].

Each electron (e) has a magnetic moment (electron spin) and a spin quantum
number s = % with associated magnetic components ms = - ¥2 and ms = + %. In an
external magnetic field with the strength By, the magnetic moment of the electron is
directed either parallel ms = - %2 or antiparallel ms = + % to the magnetic field.

Each of these orientations has a specific energy level, where parallel
orientation corresponds to the lower energy state and the antiparallel alignment
corresponds to the higher energy state. The energy difference between the low and
the high energy states can be described with the following equation (1) and is called
the Zeeman effect:

(1) AE = ge * U * B, ge - electron g-Factor

Mg - Bohr's magneton.
As it can be derived from the equation, splitting of the energy level is directly

proportional to the magnetic field strength. A free electron can move between the two
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energy levels by absorption or emission of electromagnetic resonance energy (e.g.
from a microwave source). This absorption or emission energy can be detected by an
EPR spectroscope with a resonator cavity such as the X-band spectrometer

MiniScope MS400 (Magnettech GmBH, Berlin, Germany).
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Figure 12 Schematic representation of the EPR concept.

A standard EPR device - spectrometer (A) consists of a microwave generator,
a resonator, and magnets. The spectrometer measures the energy difference
between the two different spin states of an unpaired electron that are present
in a magnetic field (B). Because of the magnetic moment, electrons will have

the lowest energy when their spin is aligned with the magnetic field (1, parallel)
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and the highest energy when it is directed in the opposite direction to the
magnetic field (|, antiparallel). Absorption of microwave energy at a certain
wavelength will remove this difference between the different spin states, which

is termed the resonance case. Figure adapted from [109].

‘NO bioavailability in whole blood was measured using EPR spectroscopy by
assessment of nitrosyl-iron hemoglobin (Hb-NO) levels. Iron (lIl) in Hb is diamagnetic
(EPR silent) but upon binding of NO the resulting nitrosyl-iron Hb complex becomes
paramagnetic (EPR active). Samples of venous blood were obtained by cardiac
puncture of anesthetized rats and were later on transferred to a specially pre-cut 1
mL syringe (top part of the syringe and plunger were cut to allow an even surface
formation for the EPR blood sample), snap frozen and stored in liquid nitrogen [105].
Samples were pushed out of the syringes right before the measurement at 77 K to
prevent thawing of the blood, followed by transfer of the sample into a special dewar
vessel as it is shown in Figure 13. The EPR measurements were carried out at 77 K
using an X-band table-top spectroscope MS400. The instrument settings were as
follows: 10 mW microwave power, 7000 mG amplitude modulation, 100 kHz
modulation frequency, 3300 G center field, 300 G sweep width, 30 s sweep time and
10 scans. The intensity of the resulting triplet signal of NO-Hb was used for the

quantification of NO-Hb levels in whole blood.
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s

Figure 13. Visual representation of the EPR experimental set-up.

1 mL syringes were specially pre-cut - top part of the syringe and plunger were
removed to allow an even surface formation for the EPR blood samples that
were obtained via a cardiac puncture of the experimental animals. Further,
blood samples were snap frozen and transferred into a dewar at 77K right
before the measurement. Afterwards, the dewar with the sample was placed

into a spectrometer and evaluated for Hb-NO levels.

3.10 Protein extraction from the cardiac tissue.

As previously described, tissue extracted from the experimental animals was
snap frozen in liquid nitrogen and stored at -80 °C. For the purpose of protein
extraction, frozen cardiac tissue pieces were homogenized, or more precisely

pulverized using a liquid nitrogen-cooled ceramic mortar and pestle and kept in
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Eppendorf tubes under conditions of liquid nitrogen. After all samples were
pulverized, an equal volume of the homogenization buffer (Tris HCl 20 mM, Sucrose
250 mM, EGTA 3 mM, EDTA 20 mM, protease inhibitor cocktail 100 pl, phosphatase
inhibitor cocktail 100 pl, PMSF 2.5 uM, Triton X-100 100 ul) was added to the amount
of powder present in each Eppendorf tube . The resulting mixture was kept on ice for
1 h and vigorously vortexed every 5-10 min. Following the 1 h incubation all samples
were centrifuged at 10,000xg for 10 min at +4 °C. The resulting supernatant was
transferred to a new Eppendorf tube and kept at -20 °C until the concentration of

protein was determined and the pellet was discarded as it contained only cell debris.

3.11 Protein concentration determination by Bradford method.

The spectroscopic procedure of the protein concentration determination was
first described by M. Bradford in 1976 [110]. The concept of this analysis relies on a
specific colored dye - Coomassie Brilliant Blue-G250. The cationic form or protein un-
bound form of this triphenylmethane dye is green, but the protein-bound form is blue
and has an absorption spectrum maximum at 595 nm. The increase in absorbance at
this wavelength is proportional to the concentration of protein. This proportion is
linear for the protein range of 10 - 100 pg/ml. All protein concentration measurements
were compared to a standard curve generated from dilutions of a bovine serum
albumin (BSA) stock (1, 5, 10, 20 and 30 pg/ml). Distilled water was used as a blank
solution. All previously prepared samples were at first diluted 1:2,000 with distilled
water that was the most suitable dilution for the detection range of BSA standard
curve. Every measurement was conducted in transparent Nunclon™ 96-well plates
acquired from Thermo Fisher Scientific. After dilution, 80 pl of the protein solution

were transferred into the respective well of the plate. Subsequently 200 ul of the
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reagent Roti® Quant (Carl Roth GmbH, Karlsruhe, Germany) were added and
thoroughly mixed, before the plate was measured at MRX Il plate reader (Dynex
Technologies, Berlin, Germany) at 595 nm. The results were assessed using the

program Revelation (ilf bioserve, Germany).

3.12 Western Blot analysis in cardiac tissue.

After receiving a crude protein mixture, as it was previously discussed in
section 3.9 and determination of the protein concentration, as it was highlighted in
section 3.10, samples were subjected to SDS-PAGE gel electrophoresis.
Polyacrylamide gels have pores of uniformed size, thus allowing proteins to migrate
and separate in the stream of an electrical current predominantly based on their
molecular weight and charge. Since different protein molecules might have different
charges, sodium dodecyl sulfate (SDS) was added as a neutralizer to gel mixture
leading to the homogenization of the proteins charge to the negative value.

Before loading to the gel, all protein samples were mixed in 1:2 ratio with 3x
Lammli buffer (Tris-HClI 125 mM, glycerol 17 % viv, SDS 10 % wl/v, 2-
mercaptoethanol 5 % v/v, bromphenol blue 0.01 % w/v), and subsequently boiled at
95 °C for 5 min. As a consequence, all proteins were denatured and disulfide bonds
were broken by 2-mercaptoethanol.

The electrophoresis procedure with SDS-PAGE gels was conducted using a
Mini Protean™-system (Bio-Rad laboratories, Hercules, California). Polyacrylamide
gels were prepared as follows: the resolving gel containing 12 % of polyacrylamide
(H20 - 4.3 ml, Tris HCI 1.5 mM, pH 8.8 - 2.5 ml, acrylamide 40 % - 3 ml, SDS 10 %
w/v - 100 ul, APS 10 % w/v — 100 ul, TEMED - 10 ul) was poured into the

assembled electrophoresis-system. In order to get an even surface line on the
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resolving gel, 1 ml of isopropanol was pipetted onto it. The gel was allowed to
polymerize for 20 min. Afterwards, the 4 % stacking gel (H2O - 3.2 ml, Tris HCI 0.5
mM, pH 6.8 - 1.2 ml, acrylamide 40 % - 0.5 ml, SDS 10 % w/v — 50 pl, APS 10 % w/v
— 50 ul, TEMED - 5 ul) was applied on top of the resolving gel and the combs were
placed, resulting in the formation of pockets into which the denatured protein
samples as well as a pre-stained- protein ladder were loaded after complete
polymerization of the gel.

The electrophoresis was conducted at +4 °C in SDS-PAGE running buffer
(Tris Base 25 mM, glycine 192 mM, SDS 3.5 mM) starting with 60 V for
approximately 10 min until the proteins reached the resolving gel and then the
voltage was set at constant 120 V. As the Laemmli buffer contained bromephenol
blue, the advance of the samples could be clearly observed. This process lasted for
approximately 2 h until the pre-stained protein ladder reached the end of the
resolving gel.

After the electrophoresis process was over proteins from the resolving gel
were transferred onto a nitrocellulose membrane, using the Mini-Trans Blot® system
from Biorad. The transfer system consists of a gel holder cassette with attached
electrodes, a gel transfer cell, foam pads, a tank and a cooling unit. All pads, filter
papers and membranes were first soaked in a pre-chilled transfer buffer (Tris Base
25 mM, glycin 192 mM, distilled water ad. 800 ml and methanol 200 ml). For the
assembly of the gel transfer sandwich at first a foam pad was placed onto a gel
transfer cell, followed by a filter paper, the nitrocellulose membrane and the gel. The
transfer sandwich making process was continued in a reverse manner, keeping all
components completely immersed in ice cold transfer buffer to prevent drying out of
any of its components. Finally, the gel transfer cell was closed and inserted into the

gel holder cassette with the membrane facing the anode. The transfer tank was filled
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with transfer buffer and blotting was performed for 2.5 h at +4 °C, at constant electric
force of 230 mA. Upon completion, the system was dismantled, and the nitrocellulose
membrane, now containing the transferred proteins, was stained with the dye
Ponceau S, which allows reversible visualizing of the proteins on a nitrocellulose
membrane. Next, Ponceau S was washed away with distilled water. Finally, the
membrane was cut into stripes according to the molecular weight markers and we
proceeded with the immuno-staining procedure.

Immuno-staining was performed with the following primary antibodies:
polyclonal rabbit B-actin (42 kDa, 1:2,500, Sigma, USA) as a control for loading and
transfer, polyclonal rabbit fractin (1:1,000, Millipore, Germany), polyclonal rabbit
caspase 3 (1:1,000, Cell Signalling, USA). Detection and quantification were
performed by chemiluminescent dye Luminol (Pierce ECL Western Blotting
Substrate, Perbio Science, Belgium) with peroxidase conjugated anti-rabbit
(1:10,000, Vector Lab., Burlingame, CA) secondary antibody. Densitometric
guantification of antibody-specific bands was performed with a ChemiLux Imager
(CsX-1400 M, Intas, Gottingen, Germany) and Gel-Pro Analyzer software (Media

Cybernetics, Bethesda, MD).

3.13 Cell culture.

The human endothelial cell line EA.hy 926 was a kind gift from C.-J. S. Edgell
(University of North Carolina at Chapel Hill, USA) [111]. EA.hy 926 cells were grown
at 10% CO, in Dulbecco's modified Eagle's medium (DMEM, Sigma) with 10% fetal
calf serum, 2 mM L-glutamine, 100 IU/ml penicillin, 100 pg/ml streptomycin and 1 mM
sodium pyruvate. For experiments, the cells were seeded in 6-well plates at a density

of 1.5x10° cells/well and grown to 60-70% confluence.

51



3.14 Comet assay.

As a positive control, the DNA strand breaks generator tert-butyl
hydroperoxide (t-BOOH) was used. Experimental DNA strand breaks were induced
by treatment with various GTN concentrations (10 — 1000 uM) for 48 h. After 2
thorough washes with PBS buffer the cells were trypsinized and then embedded in
0.5 % low melting point-agarose followed by relocation onto an agarose-pre-coated
slide. As a next step, slides were incubated in a lysis buffer containing 1 % sodium
lauryl sarcosinate, 10 mM Tris, pH 10, 2.5 M NaCl, 100 mM EDTA for 45 min
followed by an unwinding step in electrophoresis buffer consisting of 1 mM EDTA pH
13 and 300 mM NaOH for 20 min at +4 °C. Electrophoresis was conducted at 25 V
and 300 mA for 15 min. Afterwards samples were neutralized three times with 0.4 M
Tris pH 7.5 and fixed in 100 % ethanol, air-dried and stained with 50 pg/ml propidium
iodide. Results were microscopically analyzed by Olympus BX50 equipped with a
ColorView camera (Olympus, Minster, Germany) [112]. As an output, 50 cells were
scored using Comet IV software (Perceptive Instruments Ltd., Bury St Edmunds, UK)
for each sample. The Fpg modified alkaline comet assay was executed as previously
described for the alkaline comet assay with several modifications. When the cell lysis
was finished, slides were incubated in a buffer containing Fpg (1 pg/ml), 0.5 mM
EDTA pH 8.0, 0.1 M KCI, 40 mM HEPES and 0.2 mg/ml BSA for 37 min at 37 °C.
Next the DNA unwinding step was performed as described above [113]. This method
has been conducted in collaboration with and help of Anna Frumkina and Dr. Joerg

Fahrer.
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3.15 DNA extraction from the EA.hy 926 cells, aortic and cardiac tissue.

Depending on the source, either cell culture or animal tissues, two different
protocols for DNA extraction were used. EA.hy 926 cells were washed at room-
temperature with PBS buffer, followed by trypsin digest. After centrifugation at
4,000xg for 5 min, the cell pellet was re-suspended in the lysis buffer (100 mM NacCl,
10 mM Tris pH 8.0, 10 mM EDTA pH 8.0, 0.5 % SDS, 20 mg/ml proteinase K) and
incubated overnight at +56 °C. Next morning, samples were subjected to two rounds
of phenol:chloroform:isoamyl alcohol (25:24:1) extraction followed by a chloroform
washing step. Each extraction step was finished with centrifugation at 12,000xg for 5
min at room temperature. The extraction procedure was finalized by DNA
precipitation with one volume of sodium acetate (3 M) and three volumes of ice-cold
isopropanol, and then RNA digest was applied. For this purpose, the precipitate was
dissolved in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0) and digested with
RNAse A/T1 mix (80 pg/ml RNAse A, 200 U/ml RNAse T1) for 2 h at 37 °C. Next, the
solution was subjected to the 2" procedure of phenol:chloroform:isoamyl alcohol
extraction and DNA precipitation. Finally, DNA was again re-suspended in TE buffer
and its concentration was checked with NanoDrop 2000 UV-Vis spectrophotometer
(ThermoFisher Scientific, Wilmington, USA). In the case of tissue samples, the
aortae and hearts were snap frozen in liquid nitrogen immediately after the dissection
and then homogenized with a pestle in a mortar in the presence of liquid nitrogen. In
order to achieve a complete tissue digest, extraction buffer (0.1 M NaCl, 20 mM Tris
pH 8.0, 25 mM EDTA pH 8.0, 0.5 % SDS, 20 mg/ml proteinase K) was added to the
pulverized samples. Subsequently, DNA extraction protocol was performed as for

EA.hy 926 experimental set-up.
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3.16 Immuno-dot blot analysis for DNA damage in EA.hy 926 cells, aortic and

cardiac tissue.

In order to detect and quantify levels of the oxidative and alkylated DNA
damage, | developed a new immuno-dot blot method based on the previous work of
Nehls and colleagues [114]. Initially, genomic DNA was denatured at 95 °C for 5 min
and mixed with an equal volume of 2 M ammonium acetate solution. Afterwards,
samples were transferred to the nitrocellulose membrane, previously equilibrated
with 1 M ammonium acetate. In order to enhance DNA binding, the membrane was
incubated in 5x SSC buffer (0.75 M NaCl, 0.075 M tri-sodium citrate). For final
fixation, the membrane was kept on the heat block for 2 h at 80 °C. 0.5 % casein in
PBS-T solution (0.1 % Tween 20) was used as a blocking buffer for 2 h at room
temperature. Subsequently, appropriate primary antibodies were applied: monoclonal
mouse anti-O®-methyl-2-deoxyguanosine (1:500, Squarix, Marl, Germany) and
monoclonal mouse anti-8-hydroxyguanosine, clone 15A3 (1:4,000, Abcam, UK).
PBS-T/NaCl solution (0.1 % Tween 20, 0.16 M NaCl) was used as a washing buffer.
Next, incubation with the peroxidase conjugated anti-mouse (1:10,000, Vector Lab.,
Burlingame, CA) secondary antibody was performed. Detection of the modification-
specific dots was done by ECL reagent (ThermoFischer scientific, Wilmington, USA).
Densitometric quantification was performed with a ChemiLux Imager (CsX-1400 M,
Intas, Gottingen, Germany) and Gel-Pro Analyzer software (Media Cybernetics,
Bethesda, MD). Positive controls for O®-me-dG were generated by treatment of cells
with N-nitroso-N-methylurea (MNU), 500 uM for 30 min at 37 °C and for 8-oxo-dG

with Fenton reaction conditions (1 mM H,O,, 100 uM FeSQ,) for 10 min at 37 °C.
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3.17 Immuno-histological analysis of aortic and cardiac tissue for DNA

damage.

Immuno-histochemical analysis of the aortic and cardiac tissue for the
presence of the oxidative and alkylated DNA damage modifications was done as has
been already described above for 3NT modification. The same primary antibodies as
in the section 3.15 were used with a modification in the dilution range only for the O°-
methyl-2-deoxyguanosine antibody (1:250), anti-8-hydroxyguanosine antibody was
used in the dilution previously mentioned (1:4000). All other details were previously

reported [115].

3.18 Cell death detection assay.

Programmed cell death or apoptosis is a physiological cellular suicide
mechanism that preserves homeostasis, and it is naturally occurring during normal
tissue turnover. In general, cells undergoing apoptosis display a characteristic pattern
of structural changes in the nucleus and cytoplasm, including rapid blebbing of
plasma membrane and nuclear disintegration. The nuclear collapse is associated
with the extensive damage to chromatin and DNA cleavage after activation of
calcium-dependent endogenous endonucleases. Endonucleolysis is considered a
key biochemical event of apoptosis.

Cleavage of the genomic DNA during apoptosis may yield double-stranded
low molecular weight DNA fragments (mono- and oligo-nucleosomes) as well as
single strand breaks in high molecular weight DNA. Those DNA strand breaks can be
identified by labeling free 3’-OH termini with modified nucleotides in an enzymatic
reaction with terminal deoxynucleotidyl transferase, which catalyzes polymerization

of labeled nucleotides in a template-independent manner.
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Previously described paraffin embedded aortic sections were de-paraffinated,
rehydrated and treated with proteinase K (20 ug/ml in 10 mM Tris, pH 8.0) for 30 min
at 37 °C. In the subsequent steps, the tissue was permeabilized with 0.1 M citrate
buffer, pH 6.0 for 20 min at 80 °C in humidified chambers. TUNEL reaction mixture
was applied to the tissue according to the manufacturer’s instructions (In Situ Cell
Death Detection Kit, Roche, Switzerland) for 60 min at 37 °C in the humidified
chamber. After several washing steps, slides were covered with the mounting
medium and cover slipped for the microscopic evaluation. Fluorescence was
detected using a Zeiss Axiovert 40 CFL microscope, Zeiss lenses and Axiocam MRm
camera. Intensity of the fluorescence products was evaluated by densitometry with

the help of Gel-Pro Analyzer software (Media Cybernetics, Bethesda, MD).

3.19 Statistical analysis.

Data is presented as the mean value * SEM. Two-way ANOVA (with
Bonferroni’s correction for comparison of multiple means) was used for comparisons
of vasodilator potency and efficacy results of the isometric tension studies.1-way
ANOVA, Kruskal-Wallis 1-way ANOVA on Ranks (with Bonferroni’s or Dunn’s
correction, or Tukey’'s test for comparison of multiple means) was used for the
evaluation of mitochondrial RONS data, comet assay without Fpg, immuno-
histochemical measurement of the O°-me-G, 8-0xo-G and 3NT levels, protein
expression analysis and DHE staining in the tissues of rats and mice. Mann Whitney
Rank Sum test was used for the evaluation of the comet assay results with the Fpg
enzyme, oxidative burst measurement in whole blood from rats or mice. t test was

applied for the evaluation of the Hb-NO EPR data of rat whole blood.
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4. Results

4.1. DNA damage parameters in cell culture upon GTN treatment.

First, | determined classical oxidative and alkylation stress DNA damage
parameters, in particular 8-oxo-G and O°me-G. There was a concentration-
dependent increase in both DNA modifications that became significant with a GTN
concentration of 50 or 250 uM (Figures 11A and 11B). The induction of DNA strand
breaks by GTN was confirmed by the comet assay performed with or without Fpg
enzyme (Figures 11C and 11D). The pronounced increase in comet assay detectable
DNA strand breaks in the presence of Fpg also confirmed the induction of the 8-oxo-
G DNA lesion by GTN treatment since enzymatic excision of 8-oxo-G lesions by the

Fpg enzyme will induce “artificial” DNA strand breaks (Figures 11C).
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Figure 11. DNA damage induced by GTN administration to EA.hy 926
cells.

A Immuno-dot blot analysis for 8-oxo-G in EA.hy 926 cells that were treated
for 48 h with increasing concentrations of GTN (10 pM — 1000 pM).
Representative blots are shown below the densitometric quantification. B
Immuno-dot blot analysis for O®-me-G in EA.hy 926 cells that were treated for
48 h with increasing concentrations of GTN (10 puM - 1000 pM).
Representative blots are shown below the densitometric quantification. C
Read-out of alkaline comet assay with Fpg enzyme for the measurement of 8-
ox0-G dependent DNA strand breaks. D Results of the alkaline comet assay
without Fpg for the detection of natural DNA strand breaks. Representative
images are shown below the densitometric quantification. The data are
presented as mean value + SEM of (A) 4; (B) 4; (C) 3-4; (D) 3-4 experiments.

* p<0.05 vs. control, ** p<0.01 vs control, *** p<0.001 vs control.



4.2 Vascular reactivity in rat aortas.

‘NO consists of seven electrons from the nitrogen atom and eight electrons
from the oxygen atom. Therefore, -NO is a paramagnetic molecule with one unpaired
electron and can be detected with the help of EPR spectroscopy. In order to assess
the nitrosative stress induced by GTN therapy | measured the nitrosyl-iron
hemoglobin (Hb-NO) levels in whole blood, which is a marker of -NO bioavailability
and inducible -NO synthase activity in the circulation as previously shown for sepsis
[116]. With the help of EPR spectroscopy a significant increase in Hb-NO in the GTN
(high dose) treated animals was determined (Figure 12A) suggesting nitrosative
stress conditions that provide the basis for (alkylation) DNA damage. GTN treatment
at all doses resulted in an impaired aortic response to either acetylcholine (Ach) or
GTN, confirming the development of endothelial dysfunction (cross-tolerance) and

nitrate tolerance in the animals (Figures 12B and 12C).
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Figure 12. Nitric oxide levels in whole blood and the degree of
endothelial dysfunction and nitrate tolerance in rats upon treatment with
different GTN doses.

A Determination of whole blood nitrosyl-iron hemoglobin (Hb-NO) levels by

EPR as a read-out of GTN (50 mg/kg/d)-induced nitrosative stress. The
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original spectra show the presence of the Hb-NO triplet signal in whole blood.
B Results of the isometric tension recordings for the endothelium-dependent
aortic relaxation (ACh), as a read-out for the development of endothelial
dysfunction. C Results of the isometric tension recordings for the endothelium-
independent aortic relaxation (GTN), as a read-out for the development of
nitrate tolerance. The data are presented as mean value + SEM of (A) 8; (B)
5-18; (C) 5-18 experimental animals per group. *** p<0.001 vs EtOH treated

solvent control.

4.3 Nitro-oxidative stress parameters

Levels of cardiac mitochondrial RONS were elevated in a GTN dose-
dependent fashion (Figure 13A). Also RONS formation in zymosan A-stimulated
whole blood, as a read-out for leukocyte-dependent oxidative burst, was increased in
a GTN dose-dependent manner (Figure 13B). Likewise, vascular RONS formation as
measured by DHE staining showed a GTN dose-dependent increase (Figure 13C).
The nitration of protein tyrosine residues by GTN therapy was confirmed by immuno-

histochemical detection of 3NT-positive proteins in the rat aorta (Figure 13D).
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Figure 13. Nitro-oxidative stress parameters in GTN-treated Wistar rats.

A Measurement of RONS formation in cardiac mitochondria by L-012-
enhanced chemiluminescence. B Evaluation of whole blood nitro-oxidative
stress, by quantification of the white blood cell-dependent oxidative burst in
response to zymosan A stimulation. C DHE-dependent oxidative fluorescence
microtopography in cryo-preserved aortic segments as a read-out for vascular
ROS formation. Representative images are shown below the densitometric
guantification. Red fluorescence indicates ROS formation, green fluorescence
indicates autofluorescence of the basal laminae. D Immuno-histochemical
guantification of 3NT-positive proteins, as a read-out of peroxynitrite presence.
Representative images are shown below the densitometric quantification. The
data are presented as mean value + SEM of (A) 5-25; (B) 5-25; (C) 5-25; (D) 6
experimental animals per group. * p<0.05 vs. EtOH treated solvent control, **
p<0.01 vs EtOH treated solvent control, *** p<0.001 vs EtOH treated solvent

control.

4.4 Chronic GTN treatment causes DNA damage in the aortic and cardiac tissue

of Wistar rats.

Induction of nitrate tolerance by prolonged GTN treatment was associated with
a significant increase in 8-oxo-G and O°-me-G levels in aorta and heart as measured
by dot blot analysis, although not all assays showed a clear dose dependence
(Figures 14A and 14B). Increased 8-0x0-G and O°-me-G levels were also detected
by immuno-histochemistry in the aorta and heart of GTN-treated rats throughout the

transversal tissue sections (Figures 14C and 14D).
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Figure 14. Oxidative and alkylating DNA modifications in GTN-treated
Wistar rats.

A Aortic and cardiac levels of 8-oxo-G after 3.5 days of GTN administration
(10, 20 and 50 mg/kg/d) to Wistar rats. Representative dot blots are shown
below the densitometric quantification. B Aortic and cardiac levels of O°-me-G
in response to increasing GTN doses. Representative dot blots are shown
below the densitometric quantification. C Aortic levels of 8-0xo-G and O°-me-
G were measured by immuno-histochemistry in samples of solvent (EtOH) or
GTN (50 mg/kg/d)-treated rats. D Cardiac levels of 8-oxo-G and O°-me-G
were measured by immuno-histochemistry in samples of solvent (EtOH) or
GTN (50 mg/kg/d)-treated rats. Representative images are shown below the
densitometric quantification. The data are presented as mean value + SEM of
(A) 5-18; (B) 5-18; (C) 6; (D) 6 experimental animals per group. ** p<0.01 vs

EtOH as solvent control, *** p<0.001 vs EtOH solvent control.

4.5 Chronic GTN treatment causes apoptosis.

Several markers of apoptosis were elevated in tissues from nitrate tolerant
rats. Caspase-3 is a pro-apoptotic protein. Cleavage of caspase-3 is an essential
step in this specific apoptotic pathway and cleaved caspase-3 was increased
significantly in the heart in a GTN dose-dependent manner (Figure 15A). One of the
recently identified caspase-3 molecular targets is fractin and its increase in cardiac
tissue showed GTN dose dependence (Figure 15B). Upon activation of apoptotic
pathways, cleavage of the genomic DNA takes place, which either leads to low
molecular weight DNA fragments or single strand breaks in the high molecular weight

DNA fraction. The cell death detection assay (CDD) can be used to quantify the
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fragmentation of DNA by labeling the free 3’-OH termini with modified nucleotides
through an enzymatic reaction (TUNEL). The CDD assay confirmed increased

apoptosis in the aorta of GTN-treated rats (Figure 15C).
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Figure 15. Increased apoptosis in cardiac and aortic tissue from nitrate

tolerant animals.
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A Western blot analysis for cardiac protein expression levels of cleaved
caspase-3 as read-out for apoptosis in response to increasing concentrations
of GTN. Original Western blots are shown below the densitometric
quantification. B Western blot results for the cardiac fractin levels in response
to increasing concentrations of GTN. Representative blots are shown below
the densitometric quantification. C Results of the In situ Cell Death Detection
kit for quantification of apoptotic endpoints with the help of TUNEL
hybridization. Measurement was performed in samples of solvent- or GTN (50
mg/kg/d)-treated rats. As a positive control treatment with DNAse was used.
Representative images are shown below the densitometric quantification. The
densitometry data are presented as mean value + SEM of (A) 3-5, (B) 3-5; (C)
6 experimental animals per group. * p<0.05 vs. EtOH treated solvent control,
** n<0.01 vs EtOH treated solvent control, *** p<0.001 vs EtOH treated solvent

control.

4.6 Nitrate tolerance parameters in MGMT™ mice.

Assessment of the vascular function of isolated aortic ring segments by GTN
concentration-relaxation-curves revealed a similar degree of nitrate tolerance in
control and MGMT”" mice upon treatment with GTN for 3.5 days but without any
difference between the two groups (Figure 16A). Despite this lack of functional
consequence of DNA repair deficiency at the level of vascular function, the levels of
0°-me-G were increased in the untreated and GTN-treated MGMT” group (Figure
16B and 16C). Along with this side effect at the DNA damage level, markers of
oxidative and nitrosative stress showed a more pronounced increase in GTN-treated

MGMT” mice as compared to controls (Figure 16D and 16E). These findings imply
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that the direct effect of prolonged GTN therapy on vascular function and the
development of nitrate tolerance are not affected by GTN-induced DNA damage but
the overall nitrate-dependent pathogenesis seems to be aggravated in DNA repair
deficient mice, which potentially contributes to the long-term adverse effects of GTN
therapy such as increased mortality (e.g. due to increased oxidative stress and

cellular apoptosis).
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3-Nitrotyrosine IHC staining
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Figure 16. Comparison of GTN (30 mg/kg/d) effects in MGMT" and
C57BL/6 mice.

A Isometric tension recordings of the endothelium-independent relaxation as a
confirmation of nitrate tolerance development. B Immuno-dot blot analysis for
cardiac levels of O°-me-G. Representative dot blot is shown below the
densitometric quantification. C Immuno-histochemical evaluation of the O®-me-
G levels in aorta. Representative images are shown below the densitometric
guantification. D DHE-dependent oxidative fluorescence microtopography in
cryo-preserved aortic segments as a read-out for vascular RONS formation.

Representative images are shown below the densitometric quantification. Red
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fluorescence indicates RONS formation, green fluorescence indicates auto-
fluorescence of the basal laminae. E Immuno-histochemical quantification of
3NT-positive proteins, as a read-out for the presence of peroxynitrite.
Representative images are shown below the densitometric quantification. The
data are presented as mean value + SEM of (A) 10-11; (B) 10-11; (C) 6
experimental animals per group, (D) 6 experimental animals per group, (E) 6
experimental animals per group.* p<0.05 vs. WT EtOH treated solvent control,
** p<0.01 vs WT EtOH treated solvent control, *** p<0.001 vs WT EtOH

treated solvent control, # p<0.05 vs WT GTN.
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5. Discussion

Within the scope of the present study | investigated the molecular mechanisms
involved in the pathogenesis of nitrate tolerance, a serious side effect of organic
nitrate, especially GTN, therapy. Until now, very little attention has been payed to the
impact of DNA damage in nitrate tolerance research and its potential mutagenic
effects.

Andreassi and co-workers have previously demonstrated that organic nitrates
are causing somatic DNA damage [95], however, this data was quite limited and
without mechanistic insights. There have been also several major limitations within
this study that are worth to be mentioned. Since the results of these particular
investigations strongly rely only on one parameter, micronucleus formation, other
genetic factors that can contribute to their formation should be considered. For
example, genetic polymorphisms have a strong influence on the DNA susceptibility to
extrinsic and intrinsic damage. The investigation of human subjects in this study is of
high relevance for further clinical conclusions but a great degree of variability is
introduced by studying human subjects in general and patients in particular. The
patient’s cohort that has been studied by Andreassi and co-workers also requires
further analysis. Since the majority of individuals studied suffer from cardiovascular
complications for a prolonged period of time, they have been subjected to various
genotoxic and DNA damaging manipulations (coronary angiography, cardiac
scintigraphy) on multiple occasions. Additionally, DNA repair status of these patients
was not taken into consideration.

Following the initial observation of Andreassi and co-workers, in the present
work, | focused on nuclear processes, in particular DNA damaging effects in GTN-
induced nitrate tolerance and could confirm potential mutagenic and apoptotic effects

of GTN treatment in cultured cells and animals.
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In the cell culture setting, using human endothelial EA.hy 926 cells, |
determined increased DNA damage upon 48 h treatment with GTN. | confirmed the
elevation of the classical oxidative DNA damage markers, 8-0xo-G and O°-me-G,
and also showed an increase in DNA strand breaks. As a positive control for 8-oxo-G
modification | used Fenton reaction treatment. Major components of the Fenton
reaction are H,O, (1 mM) and FeSO,4 (100 uM). As it can be seen in reaction 2, iron
(I from the FeSO, salt is oxidized by hydrogen peroxide to iron (lll), forming a
hydroxyl radical and a hydroxide ion. Iron (lll) formed in reaction 2 is then reduced
back to iron (1) in the reaction 3 by another molecule of hydrogen peroxide, forming a
hydroperoxyl radical and a proton. As a summary of these two reactions, two
different oxygen-radical species are formed together with water (H* + OH") as a
byproduct [117].

(2) Fe** + H,0, — Fe* + HO« + OH~

(3) Fe** + H,0, — Fe®* + HOO- + H*

The free radicals generated by this process are very reactive and engage in
secondary reactions within a short period of time. Hydroxyl radical among them is a
powerful, non-selective oxidant, which is able to attack nucleic O,
acids and cause extensive oxidative damage. Typical T
modification introduced by HO+ to DNA is 8-oxo0-G [118]. § C#,f"N“ ~

N-nitroso-N-methylurea (MNU) in a concentration of H \H/
500 pM was used as a positive control for O°- Figure 17. MNU chemical
me-G modification. MNU is a highly reactive structure
mutagenic compound which exhibits its toxicity
through the methylation of DNA. Typical positions for the MNU attack are strong

nucleophilic centers, such as N7- and O6- positions on guanine [119].



In line with previous reports, DNA modifications were found upon challenges
with nitric oxide. At least at higher concentrations, nitric oxide has DNA damaging
potential, confers mutagenic effects and triggers apoptotic pathways [67]. Other nitric
oxide releasing compounds (e.g. SIN-1) also possess DNA damaging properties as
previously shown by significant induction of DNA strand breaks in isolated rat islets
by application of the Comet assay [120]. The DNA damaging spectrum of redox
active compounds in general and -NO releasing compounds in particular is not
limited to the direct effects on the nucleic acids, but may also affect the DNA repair
machinery [121, 122], e.g. by inhibition of the MGMT enzyme, which is responsible
for the removal of O°me-G lesion [123]. It has been shown that diethylamine
NONOate - DEA/NO at a concentration of 80 uM inhibited the activity of MGMT by
50%. The proposed explanation for the enzyme inhibition was the formation of a -S-
NO protein adduct [123]. MGMT inhibition is not a unique case.
Formamidopyrimidine-DNA glycosylase (Fpg enzyme) is another example for an
enzyme of the DNA repair machinery that was inhibited by -NO [124]. Fpg is a zinc
finger-containing bi-functional glycosylase with an AP-lyase activity. It is responsible
for the removal of imidazole ring-opened purines, including Fapy (2,6-diamino-4-
hydroxy-5-N-methylformamidopyrimidine) and 8-oxo-G lesions [125]. It has been
shown that ~110-120 pmol/L of -NO released in a steady state manner from
diethylamine NONOate (DEA/NO) effectively inhibited the activity of Fpg enzyme.
Such -NO concentrations are within the pathophysiological range and are expected
in the cellular environment of neutrophils and stimulated macrophages [126]. Nitrite
or diethylamine, the decomposition products of DEA/NO, did not inhibit Fpg activity,
even not after prolonged incubation time. Furthermore, the inhibitory effect of -NO
was not reversible since incubation with reducing agents and/or Zn®** had no effect

[124].
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With the model of GTN-induced nitrate tolerance in rats | showed that the
concept of nitrosative/oxidative stress-induced DNA damage also holds true for in
vivo conditions and accordingly might have some impact in the clinical setting as well
[95]. Nitrate tolerance was clearly correlated in a GTN dose-dependent fashion with
increased cardiovascular nitro-oxidative stress and GTN treatment induced a
nitrosative stress milieu, all of which is known to contribute to a higher burden of
oxidative/nitrosative DNA damage and strand breaks. Increased formation of 8-oxo-G
and O°-me-G modifications upon prolonged treatment with GTN was confirmed in
aorta and heart of rats by two independent methodologies. These DNA lesions are
highly mutagenic and their detection in rats treated with GTN at least warrants
caution for the clinical long-term use of this drug. In human embryonic kidney cells
(HEK 293T) the induction of 8-oxo-G lesions was correlated with highly mutagenic
GC—AT transversions [127]. GC—AT transversions can lead to point mutations and
abnormalities in the gene transcription process. Using the same cellular model, O°-
me-G was found to be responsible for incorporation of uridine in the RNA, which
leads to a point mutation with profound negative effects on the down-stream protein
structure and function [128].

Besides the potential mutagenic effects, the present study has shown that
GTN-induced nitrosative/oxidative stress and DNA damage leads to the activation of
apoptotic pathways, DNA fragmentation and cell death. For the precise investigation
of the cellular apoptotic processes | used a specific method — the Cell death
detection kit. The peculiarity of this method lies in the enzymatic in situ labeling of the
apoptosis induced DNA strand breaks. With the help of DNA polymerase and
terminal deoxynucleotidyl transferase (TdT) fluorescence labeled nucleotides were

incorporated into DNA strand breaks and later on evaluated by fluorescent
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microscopy. The tailing reaction using TdT (TUNEL) has several advantages in
comparison to other apoptotic detection methods:

1) The label intensity with TUNEL is much higher comparing to other methods,

like ISNT.

2) The kinetics of nucleotide incorporation with TUNEL is very rapid.

3) TUNEL preferentially labels apoptosis in comparison to necrosis, thereby

discriminating between these two cellular pathways and from primary DNA

strand breaks induced by exogenous or endogenous sources.

The findings on increased apoptosis could translate to the higher mortality in
the group of organic nitrate-treated patients as reported by two independent meta-
analysis [98, 99]. Myocardial infarction patients showed a higher cardiovascular
mortality in the organic nitrate treatment group, which could be related to pro-
apoptotic effects of the organic nitrate. The recovery of cardiac tissue after
myocardial infarction largely depends on the healing process in the infarcted area
and apoptotic (as well as necrotic) cell death pathways play an important role for the
prognosis [129]. In support of this hypothesis, nitrate tolerance aggravated post-
ischemic myocardial apoptosis and impaired the functional recovery of the post-
ischemic heart [130]. Pro-apoptotic effects of GTN were also reported for endothelial
progenitor cells (EPC) from in vivo GTN-treated volunteers but also upon ex vivo
exposure to the organic nitrate [131] and endothelial progenitor cells play an
important role for recovery after cardiovascular events [132, 133].

Additionally, it came to our attention that GTN patches have been recently
used as an adjuvant anti-cancer therapy in the treatment of late stages (lll-IV) non-
small cell lung cancer and rectal cancer [134-136]. Within initial investigations in the
phases I-ll clinical trials, it has been shown that topical administration of GTN in a

dose of 25 mg for a duration of 5 days (most of the trials tested administration of the

81



GTN 2 days before the treatment with platinum-containing third generation agents,
such as vinorelbine, cisplatin and additionally 5-fluorouracil; during the treatment and
2 days after it) yielded a substantial improvement in anti-cancer therapy
responsiveness by 30% and improved time to disease progression on average by
142 days [134]. Though, when these studies were followed up in large-scale,
multicenter, open-label, randomized phase Il trial, these improvements by GTN
treatment were not observed [136]. There was no significant difference between
progression-free survival rates between two groups of patients and the frequency
and severity of adverse effects was even higher in the GTN group, consisting of
headache, hypotension, diarrhea and anorexia [136]. Such discrepancies can be
potentially explained by several reasons: 1) patients selected for these trials were
very non-homogeneous in age, sex, smoking habits and molecular sub-types of
cancer; 2) in phase lll trial a bigger number of patients was recruited, eventually
providing a more complete picture of the effects of GTN therapy, as well as yielding
higher statistical power to this investigation; 3) variation in medications selection —
vinoralbine + cisplatin/GTN vs carboplatin + gemcitabine/GTN or carboplatin +
paclitaxel/GTN. Furthermore, the obtained clinical data doesn’t provide information
on the mechanism of action of GTN therapy as an adjuvant anti-cancer drug. So far,
there is a proposal based on the vasodilating properties of this drug, leading to
increased blood flow in tumors and better targeting of the tumors by first line anti-
neoplasia treatment [137]. It has been also suggested that by increasing the blood
flow in tumors, GTN would improve tumor tissue oxygen tension and enhance
therapy response in patients. Thus, alteration of the free radicals balance in tumors,
could lead to DNA damage [138] followed either by apoptosis, as we also observed,
or by necrosis. Though, it is important to note that no experiments have been done to

elucidate the GTN DNA damaging profile in these studies. By all means, the data
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presented in these recent publications goes hand in hand with the results presented
in the present work.

0°%-me-G repair-deficient MGMT™ mice were used to investigate whether
accumulation of O®-me-G DNA lesions in GTN-treated animals plays a role for the
degree of nitrate tolerance or only represents another side effect of nitrate therapy
without significant impact on the pathogenesis of the drug-induced complications.
Literature data do not support a severe phenotype and only demonstrated moderate
impact of MGMT deficiency on the life span of mice [139], but MGMT gene
polymorphism has been shown to be associated with increased incidence of neck
cancer [140] and other tumors. Nevertheless, our initial working hypothesis was that
DNA damage plays a key role for the development and aggravation of nitrate
tolerance. This hypothesis was proven negative since mice deficient in the MGMT
gene did neither show more pronounced nitrate tolerance as compared to wild type
mice (Fig. 17A) nor more pronounced endothelial dysfunction (not shown). However,
the MGMT” mice were more susceptible to the GTN-induced nitro-oxidative stress,
which is in our opinion a major trigger of the pathogenesis underlying nitrate
tolerance and accounts for a part of the serious side effects of long-term organic
nitrate therapy (e.g. increased mortality). In addition, O®-me-G only represents one
out of many deleterious DNA modifications (e.g. 8-0xo-G and single strand breaks)
and the sum of the DNA damage might contribute to nitrate tolerance possibly at the
functional level. Therefore, single knockout of MGMT might not be enough to cause
severe pathophysiological and genotoxic effects of GTN and might be efficiently

compensated by other repair pathways for alkylated DNA.
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6. Summary

Despite the lack of direct evidence from large clinical trials for mutagenic and
genotoxic effects of GTN therapy, the present study shows the induction of pre-
mutagenic lesions, such as 8-oxo-G and O°®me-G by GTN treatment as well as
increased formation of DNA strand breaks. These results were obtained in an in vitro
(EA.hy 926 — human endothelial cell line) and in vivo (Wistar rats and C57BL/6 mice)
setting. However, GTN-induced DNA damage had no effect on the degree of nitrate
tolerance but only on other pathological side effects such as oxidative stress, as
confirmed by studies in MGMT knockout mice. Of clinical importance, this study
establishes potent apoptotic properties of organic nitrates, which has been
demonstrated by the levels of the novel apoptotic marker and caspase-3 substrate,
fractin, as well as levels of cleaved caspase-3, the activated form of this pro-
apoptotic enzyme. The protein analytical data have been confirmed by an
independent assay for the apoptosis, Cell death detection assay (TUNEL). First,
these GTN-mediated apoptotic effects may account for the previously reported anti-
cancer effects of GTN therapy (probably based on induction of apoptosis in tumor
cells). Second, these GTN-mediated apoptotic effects may account for the increased
mortality rates observed in the group of organic nitrate-treated patients as reported
by two independent meta-analysis (probably due to induction of apoptosis in highly
beneficial endothelial progenitor cells as well as in cardiomyocytes during wound
healing and cardiac remodeling). Summary of the current investigations can be seen

in Figure 18.
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Figure 18 Summary of the study protocol and outcome.

Subcutaneous administration of GTN solution by osmotic mini-pumps causes
the development of organic nitrate tolerance (impaired GTN-dependent
relaxation by isometric tension recording) that is associated with increased
oxidative stress (nitration of protein tyrosine residues, green fluorescence by
3NT immunostaining; vascular ROS formation, red fluorescence by DHE
staining) and endothelial dysfunction. Additionally, nitrate tolerance causes
DNA damage in the form of 8-oxo-G, O°me-G and DNA strand breaks
(immunostaining for DNA lesions and Comet assay). Such changes to DNA

activate apoptotic pathways (red fluorescence by CDD assay) that might be
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the cause for increased mortality rates among patients receiving organic
nitrate therapy. Rat/osmotic pump image courtesy: Harlan laboratories,
www.alzet.com, www.cgsociety.org. Other parts of the Figure are partially

adapted from [34, 141].
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