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Abstract Nitroglycerin (GTN) and other organic nitrates

are widely used vasodilators. Their side effects are devel-

opment of nitrate tolerance and endothelial dysfunction.

Given the potential of GTN to induce nitro-oxidative stress,

we investigated the interaction between nitro-oxidative

DNA damage and vascular dysfunction in experimental

nitrate tolerance. Cultured endothelial hybridoma cells

(EA.hy 926) and Wistar rats were treated with GTN

(ex vivo: 10–1000 lM; in vivo: 10, 20 and 50 mg/kg/day

for 3 days, s.c.). The level of DNA strand breaks,

8-oxoguanine and O6-methylguanine DNA adducts was

determined by Comet assay, dot blot and immunohisto-

chemistry. Vascular function was determined by isometric

tension recording. DNA adducts and strand breaks were

induced by GTN in cells in vitro in a concentration-de-

pendent manner. GTN in vivo administration leads to

endothelial dysfunction, nitrate tolerance, aortic and car-

diac oxidative stress, formation of DNA adducts, stabi-

lization of p53 and apoptotic death of vascular cells in a

dose-dependent fashion. Mice lacking O6-methylguanine-

DNA methyltransferase displayed more vascular O6-

methylguanine adducts and oxidative stress under GTN

therapy than wild-type mice. Although we were not able to

prove a causal role of DNA damage in the etiology of

nitrate tolerance, the finding of GTN-induced DNA dam-

age such as the mutagenic and toxic adduct O6-methyl-

guanine, and cell death supports the notion that GTN based

therapy may provoke adverse side effects, including

endothelial function. Further studies are warranted to

clarify whether GTN pro-apoptotic effects are related to an

impaired recovery of patients upon myocardial infarction.
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IHC Immuno-histochemistry

ISMN Isosorbide-5-mononitrate

Y. Mikhed, J. Fahrer and M. Oelze contributed equally to this work

and are joint first authors.

Electronic supplementary material The online version of this
article (doi:10.1007/s00395-016-0571-4) contains supplementary
material, which is available to authorized users.

& Andreas Daiber

daiber@uni-mainz.de

1 Center of Cardiology-Cardiology 1, Molecular Cardiology,

University Medical Center of the Johannes Gutenberg

University, Langenbeckstr. 1, 55101 Mainz, Germany

2 Department of Toxicology, University Medical Center of the

Johannes Gutenberg University, Obere Zahlbacher Str. 67,

55131 Mainz, Germany

3 Institute of Pharmacy and Biochemistry, Johannes Gutenberg

University, Staudinger Weg 5, 55128 Mainz, Germany

4 German Center for Cardiovascular Research (DZHK),

Partner Site Rhine-Main, Langenbeckstr. 1, 55101 Mainz,

Germany

123

Basic Res Cardiol (2016) 111:52

DOI 10.1007/s00395-016-0571-4

http://dx.doi.org/10.1007/s00395-016-0571-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s00395-016-0571-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00395-016-0571-4&amp;domain=pdf


L-012 8-Amino-5-chloro-7-phenylpyrido[3,4-

d]pyridazine-1,4-(2H,3H)dione sodium salt

MGMT O6-methylguanine-DNA methyltransferase
�NO Nitric oxide

Hb-NO Nitrosyl-iron hemoglobin

3NT 3-Nitrotyrosine

O6-me-G O6-methylguanine

8-oxo-G 8-Oxoguanine

RONS Reactive oxygen and nitrogen species

SDS-Page Sodium dodecyl sulfate-polyacrylamide

electrophoresis

O2
�- Superoxide anion radical

Introduction

Organic nitrates are still among the most commonly pre-

scribed medications for the treatment of angina pectoris

and myocardial infarction [19, 43]. Their beneficial anti-

ischemic effects are based on endothelium-independent

vasodilation of coronary arteries, venous capacity vessels

and collaterals [39]. Under chronic therapy, the efficacy of

organic nitrate therapy is seriously impaired by the devel-

opment of pseudotolerance, due to an increase in cate-

cholamines and activation of the renin–angiotensin–

aldosterone system, true vascular tolerance and endothelial

dysfunction accompanied by increased oxidative stress

[31, 38, 39]. Our previous studies identified oxidative stress

as a hallmark of nitrate tolerance and nitrate-associated

endothelial dysfunction [42, 47, 58]. Sources of nitrate-

induced reactive oxygen and nitrogen species formation are

the mitochondrial respiratory chain complexes [8, 13],

activation of the phagocytic NADPH oxidase [42, 60] and

uncoupling of the endothelial nitric oxide synthase (eNOS)

[31, 40].

Besides oxidative stress, organic nitrate therapy also

leads to nitrosative stress [27] and both conditions favor the

alkylation and oxidation of DNA bases [18]. DNA dam-

aging properties were attributed not only to the organic

nitrates, but also to other nitric oxide (�NO) releasing

compounds such as diazeniumdiolates [34]. Andreassi and

coworkers reported on a significant increase in DNA

damage in patients under chronic organic nitrate therapy

[1]. This observation does not only raise the question of

whether organic nitrate-induced DNA damage contributes

to the pathogenesis of 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 [18], or increased rates of

cell death by apoptosis [29].

In the present study, we, therefore, investigated the

effect of nitroglycerin (GTN) on cultured immortal hybri-

doma cells that shares some key features with human

endothelial cells (EA.hy 926) in vitro and also in vivo

following GTN administration in Wistar rats with special

emphasis on DNA damage induction. In order to answer

the question whether the highly mutagenic and toxic DNA

lesion O6-methylguanine (O6-me-G) contributes to the

severity of nitrate tolerance and associated side effects, we

studied the effect of GTN in O6-methylguanine-DNA

methyltransferase (MGMT) knockout mice deficient in the

repair of O6-me-G adducts.

Materials and methods

Materials

GTN was used either from a nitrolingual infusion solution

(1 mg/ml) from G. Pohl-Boskamp (Hohenlockstedt, Ger-

many) for isometric tension studies, or as an ethanol

solution (100 g/l) from Novasep (Leverkusen, Germany)

for induction of nitrate tolerance. 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. ISMN was purchased from

Acros Organics (Fairlawn, NJ, USA). DEA/NO was from

Cayman Chemicals (Ann Arbor, MI, USA). All other

chemicals were of analytical grade and were obtained from

Merck, Fluka or Sigma-Aldrich.

Animals and treatment protocol

All animal treatments were 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 (Landesunter-

suchungsamt 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 nitro-

glycerin solution (50 mg/kg/day—high dose) or by sub-

cutaneously implanted osmotic pumps (Alzet model 2001,

CA, USA) and infusion of GTN with doses of 10 mg/

kg/day (low dose) and 20 mg/kg/day (medium dose) for

3.5 days [31]. Ethanol injections (similar volume as for the

ethanolic GTN solution) served as a solvent control.

MGMT-/- knockout mice on a C57BL/6 background [22]

and C57BL/6 mice as corresponding wild-type controls

were also used in this study. MGMT-/- knockout mice

[22] were kindly provided by Leona Samson (MIT Bio-

logical Engineering, Cambridge, MA, USA). A total

number of 50 MGMT-/- knockout and age matching
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C57BL/6 mice (12–14 weeks old, *30 g) were treated

with subcutaneous injection of ethanolic nitroglycerin

solution (30 mg/kg/day) or ethanol injections for 3.5 days.

Dissection of the thoracic and abdominal aorta, blood and

heart was done under isoflurane anesthesia.

Isometric tension studies

Vasodilator responses to the endothelium-dependent

vasodilator acetylcholine (ACh) and the endothelium-in-

dependent vasodilator GTN were assessed with endothe-

lium-intact isolated rat and mouse aortic rings (thoracic

aorta, 4 mm in length) mounted for isometric tension

recordings in organ chambers as it was previously descri-

bed [7, 53]. Rat aortic rings were pre-constricted by

phenylephrine, mouse aortic rings were pre-constricted by

prostaglandin F2a.

Detection of oxidative and nitrosative stress in whole

blood, heart and aorta

Leukocyte-dependent RONS formation was measured in

fresh citrate blood upon stimulation with zymosan A

(50 lg/ml) in PBS buffer containing Ca/Mg (1 mM) by

L-012 (100 lM) enhanced chemiluminescence (ECL) [32].

Vascular RONS formation was determined using dihy-

droethidium (DHE, 1 lM)-dependent fluorescence

microphotography in aortic cryosections as described [40].

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. Detection of RONS in

isolated cardiac mitochondria was performed as previously

described [6]. For the immuno-histochemical (IHC) anal-

ysis of 3-nitrotyrosine (3-NT) as a direct product of per-

oxynitrite induced nitrosative stress, aortic segments were

fixed in paraformaldehyde (4 %), paraffin-embedded and

stained with mouse monoclonal 3-nitrotyrosine antibody

(Upstate Biotechnology, MA, USA) at a dilution of 1:100;

anti-mouse biotinylated secondary antibody (1:1000) 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. Evaluation of the immuno-histochemi-

cal results was done with the ImageJ software (NIH, USA).
�NO bioavailability in whole blood was measured using

EPR spectroscopy by nitrosyl-iron hemoglobin (Hb-NO)

[46]. �NO bioavailability in whole blood was measured

using electron paramagnetic resonance (EPR) spectroscopy

by nitrosyl-iron hemoglobin (Hb-NO). Samples of venous

blood were obtained by cardiac puncture of anesthetized

rats; blood samples were snap frozen and later on stored in

liquid nitrogen [46]. The EPR measurements were carried

out at 77 K using an X-band table-top spectrometer MS400

(Magnettech, Berlin, Germany). 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, 60 s sweep time

and 5 scans.

Western blot analysis in homogenates of EA.hy 926

cells and cardiac tissue

Lysis of EA.hy 926 cells was performed in RIPA Buffer

(50 mM Tris–HCl, pH 8; 150 mM NaCl, 1 mM EDTA,

1 % NP-40, 0.5 % sodium desoxycholate, 0.1 % SDS;

1 mM PMSF, 2 mM Na3VO4, 19 Proteinase Inhibitor and

1 mM DTT) and protein concentration was determined by

Bradford assay. Proteins were then separated by SDS-

PAGE and blotted onto nitrocellulose membranes. After

blocking, the membranes were incubated with the follow-

ing primary antibodies: mouse monoclonal a-Hsp90

(90 kDa, 1:1000, Santa Cruz Biotechnology) as a control

for loading and transfer, rabbit monoclonal a-phospho-

H2AX (Ser139) (15 kDa, 1:1000, Abcam) and mouse

monoclonal p53 (clone DO-I; 53 kDa, 1:500, Santa Cruz

Biotechnology). Detection and quantification were per-

formed using the Odyssey imaging system (LI-COR) with

donkey anti-rabbit green (IRDye 800CW, LI-COR) or

donkey anti-rabbit red (IRDye 680RD, LI-COR) and don-

key anti-mouse green (IRDye 800CW, LI-COR) or donkey

anti-mouse red (IRDye 680RD, LI-COR) secondary anti-

bodies. Densitometric quantification of protein bands was

performed with ImageJ 1.48v (National Institutes of

Health, USA). Analysis of p53 and c-H2AX in rat aortic

tissue homogenates was performed as described previously

[14].

Isolated cardiac tissue was frozen and homogenized in

liquid nitrogen. Proteins were separated by SDS-Page and

blotted onto nitrocellulose membranes. After blocking,

immuno-blotting was performed with the following pri-

mary antibodies: polyclonal rabbit b-actin (42 kDa,

1:2500, Sigma, USA) as a control for loading and transfer,

polyclonal rabbit fractin (1:1000, Millipore, Germany),

polyclonal rabbit caspase-3 (1:1000, Cell Signaling, USA).

Detection and quantification were performed by ECL with

peroxidase conjugated anti-rabbit (1:10,000, Vector Lab.,

Burlingame, CA, USA) secondary antibody. Densitometric

quantification of antibody-specific bands was performed

with a ChemiLux Imager (CsX-1400 M, Intas, Göttingen,

Germany) and Gel-Pro Analyzer software (Media Cyber-

netics, Bethesda, MD, USA).
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Cell culture

The cultured immortal hybridoma cell line EA.hy 926 that

shares some key features with human endothelial cells was

a kind gift from Edgell (University of North Carolina at

Chapel Hill, USA) [12]. EA.hy 926 cells were grown at

10 % CO2 in Dulbecco’s modified Eagle’s medium

(DMEM, Sigma) with 10 % fetal calf serum, 2 mM L-

glutamine, 100 IU/ml penicillin, 100 lg/ml streptomycin

and 1 mM sodium pyruvate. For experiments, the cells

were seeded in 6-well plates at a density of 1.5 9 105 cells/

well and grown to 60–70 % confluence.

Comet assay

As a positive control, the DNA strand breaks generator tert-

butyl hydroperoxide (t-BOOH) was used. After two thor-

ough washes with PBS buffer cells were trypsinized,

resuspended in 0.5 % low melting point-agarose followed

by embedding onto an agarose-pre-coated slide. As a next

step, slides were incubated in lysis buffer containing 1 %

sodium lauryl sarcosinate, 10 mM Tris, pH10, 2.5 M NaCl,

100 mM EDTA for 45 min followed by an unwinding step

in electrophoresis buffer consisting of 1 mM EDTA pH13

and 300 mM NaOH for 20 min at 4 �C. Electrophoresis

was conducted at 25 V and 300 mA for 15 min. After-

wards samples were neutralized three times with 0.4 M

Tris pH 7.5 and fixed in 100 % ethanol, air-dried and

stained with 50 lg/ml propidium iodide. Results were

microscopically analyzed by Olympus BX50 equipped

with a ColorView camera (Olympus, Münster, Germany)

[15]. 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 conducted as previously described for the alka-

line comet assay with several modifications. When the cell

lysis was finished, slides were incubated in a buffer con-

taining Fpg (1 lg/ml), 0.5 mM EDTA pH 8.0, 0.1 M KCl,

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 [11]. The Comet assay was performed in a non-

blinded fashion.

DNA extraction from the EA.hy 926 cells, aortic

and cardiac tissue

Depending on the source, either cell culture or animal

tissue, two different protocols for DNA extraction by

phenol:chloroform:isoamyl alcohol were used. EA.hy 926

cells were washed at room temperature with PBS buffer,

followed by trypsin digestion. After centrifugation at

4000g for 5 min, the cell pellet was re-suspended in the

lysis buffer (100 mM NaCl, 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. Samples were then 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 12,000g 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, pH8.0, 1 mM EDTA, pH8.0) and digested

with RNase A/T1 mix (80 lg/ml RNase A, 200 U/ml

RNase T1) for 2 h at 37 �C. Next, the solution was sub-

jected to the 2nd procedure of phenol:chloroform:isoamyl

alcohol extraction and DNA precipitation. Finally, DNA

was re-suspended in TE buffer and its concentration was

determined with NanoDrop 2000 UV–Vis spectropho-

tometer (ThermoFisher Scientific, Wilmington, USA). In

the case of tissue samples, the aortas 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

pH8.0, 25 mM EDTA pH8.0, 0.5 % SDS, 20 mg/ml pro-

teinase K) was added to the pulverized samples. Subse-

quently, DNA extraction protocol was performed as for

EA.hy 926 experimental set-up.

Immuno-dot blot analysis of 8-oxoG and O6-meG

adducts in genomic DNA from EA.hy 926 cells,

aortic and cardiac tissue

To detect and quantify levels of the DNA damage, we

developed a new immuno-dot blot method based on the

previous work of Nehls and colleagues [45]. Initially,

genomic DNA was denatured at 95 �C for 5 min and

mixed with an equal volume of 2 M ammonium acetate

solution. Afterwards, the sample was transferred to the

nitrocellulose membrane, previously equilibrated with 1 M

ammonium acetate. To enhance DNA binding, the mem-

brane was incubated in 59 SSC buffer (0.75 M NaCl,

0.075 M tri-sodium citrate). For final fixation, the mem-

brane 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-O6-methyl-2-deoxyguanosine (1:500, Squarix,

Marl, Germany) and monoclonal mouse anti-8-hydroxy-

guanosine, 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., Burlin-

game, CA, USA) secondary antibody was performed

52 Page 4 of 16 Basic Res Cardiol (2016) 111:52

123



followed by chemiluminescence detection using ECL

reagent (ThermoFischer scientific, Wilmington, USA).

Densitometric quantification was performed with a Che-

miLux Imager (CsX-1400 M, Intas, Göttingen, Germany)

and Gel-Pro Analyzer software (Media Cybernetics,

Bethesda, MD, USA).

Immunohistochemical analysis of 8-oxo-G lesions

and O6-me-G adducts in aortic tissue

Immunohistochemical analysis of the aortic tissue for the

presence of the oxidative DNA modifications and adducts

was done as described above for the 3NT modification. The

same primary antibodies as in the section ‘‘Immuno-dot

blot analysis with DNA from EA.hy 926 cells, aortic and

cardiac tissue’’ were used with a modification in the dilu-

tion range for the O6-methyl-2-deoxyguanosine antibody

(1:250). All other details were previously reported [52].

Cell death detection assay

Previously described paraffin-embedded aortic sections

were de-paraffinated, rehydrated and treated with pro-

teinase K (20 lg/ml in 10 mM Tris, pH8.0) for 30 min at

37 �C. In the subsequent steps, the tissue was permeabi-

lized 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 cham-

ber. After several washing steps, slides were covered with

the mounting medium and cover slips 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 Ana-

lyzer software (Media Cybernetics, Bethesda, MD, USA).

Statistical analysis

Data are 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 stud-

ies. 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

O6-me-G, 8-oxo-G and 3NT levels, protein expression

analysis in tissue 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 and protein expression anal-

ysis in cell lysates.

Results

DNA damage induction in cultured EA.hy 926 cells

upon GTN treatment

First, we determined GTN-induced DNA damage in cul-

tured EA.hy 926 cells, in particular 8-oxo-G and O6-me-G,

using an immunological dot blot assay. There was a con-

centration-dependent increase in both DNA modifications,

which became significant with a GTN concentration of 50

or 250 lM (Fig. 1a). The induction of DNA strand breaks

by GTN was confirmed by the comet assay performed with

or without Fpg enzyme, which removes 8-oxo-G, thereby

leaving a DNA single strand break at the adduct site

(Fig. 1b, c). The enhanced level of DNA strand breaks after

incubation with Fpg (compared without Fpg) indicates the

induction of the 8-oxo-G adducts in the DNA by GTN

treatment, which is in line with the findings obtained by the

dot blot analysis (Fig. 1b). Incubation of EA.hy 926 cells

with GTN revealed stabilization of p53 and increased

cH2AX levels at intermediate GTN concentrations

(\10 lM), which was lost at higher concentrations

([10 lM) (suppl. Fig. S1). Another organic nitrate (ISMN)

and the spontaneous NO donor DEA/NO showed concen-

tration-dependent increase in DNA strand breaks in EA.hy

926 cells, without affecting p53 protein levels (suppl.

Fig. S2).

Vascular activity in rat aortas

Nitrosyl-iron hemoglobin (Hb-NO) levels in whole blood

can be used to measure �NO bioavailability and inducible
�NO synthase activity in the circulation as previously

shown for sepsis [55]. With the help of EPR spectroscopy

we showed a significant increase in Hb-NO in the GTN

(high dose) treated animals (suppl. Fig. S3) suggesting

nitrosative stress conditions that could induce DNA dam-

age. GTN treatment at all doses resulted in an impaired

aortic response to either acetylcholine (ACh) or GTN,

confirming the development of endothelial dysfunction and

nitrate tolerance in the animals (Fig. 2a, b).

Nitro-oxidative stress parameters

Likewise, vascular RONS formation as measured by DHE

staining showed a GTN dose-dependent increase (Fig. 2c).

Levels of cardiac RONS were elevated in a GTN dose-
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dependent fashion (Fig. 2d). Also RONS formation in

zymosan A-stimulated whole blood was increased in a

GTN dose-dependent manner (Fig. 2e). The nitration of

protein tyrosine residues by GTN therapy was confirmed

by immunohistochemical detection of 3NT-positive pro-

teins in the rat aorta (suppl. Fig. S4).

w
ith

 F
pg

w
/o

 F
pg

A

B C

Fig. 1 DNA damage induced by GTN administration to EA.hy 926

cells. a Immuno-dot blot analysis for 8-oxo-G and O6-me-G in EA.hy

926 cells that were treated for 48 h with increasing concentrations of

GTN (10–1000 lM). Representative blots are shown below the

densitometric quantification. b Read-out of alkaline comet assay with

Fpg enzyme for the measurement of 8-oxo-G dependent DNA strand

breaks. c Results of the alkaline comet assay without Fpg for the

detection of natural DNA strand breaks. Representative images are

shown below the densitometric quantification. Positive controls were

Fenton reaction (FeSO4 100 lM, H2O2 1 mM) for 8-oxo-G and MNU

(500 lM) for O6-me-G, t-BOOH (10 lM) was used as a positive

control for Comet assay. The data are presented as mean

value ± SEM of a 4; b 3–4; c 3–4 experiments. *p\ 0.05 vs.

control, **p\ 0.01 vs control, ***p\ 0.001 vs control
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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

O6-me-G levels in aorta and heart as measured by dot blot

analysis, although no clear dose dependency was observed

in all assays (Fig. 3a, b). Increased 8-oxo-G and O6-me-G

levels were also detected by immuno-histochemistry in the

aorta and heart of GTN-treated rats throughout the

transversal tissue sections (Fig. 3c, d).

Chronic GTN treatment causes apoptosis

Several markers of apoptosis were elevated in tissues from

nitrate tolerant rats. Cleavage of caspase-3 is an essential

step in the apoptotic cell death pathway and cleaved cas-

pase-3 was increased significantly in the heart in a GTN

dose-dependent manner (Fig. 4a). Next, fractin was

detected as caspase-specific cleavage product of actin and

was shown to dose-dependently increase in cardiac tissue

after GTN treatment (Fig. 4b).

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 frag-

mentation of DNA by labeling the free 30-OH termini with

modified nucleotides through an enzymatic reaction

(TUNEL). The CDD assay confirmed increased apoptosis

in the aorta of GTN-treated rats (Fig. 4c). Finally, we

analyzed the levels of p53 tumor suppressor protein, which

is known to be activated by genotoxic stress. In line with

the observed GTN-dependent induction of DNA damage,

p53 levels strongly increased corroborating that high dose

GTN therapy is genotoxic (Fig. 4d). The decrease in

cH2AX levels in the aorta of GTN-treated rats might be

explained by an increased DNA repair activity (Fig. 4d).

Effects of nitrate-free interval on vascular function,

oxidative stress and DNA damage

High dose GTN treatment for 3.5 days resulted in an

impaired aortic response to either ACh or GTN, confirming

co
un

ts
/s

%
 o

f r
el

ax
at
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n

A B

D E

C

Fig. 2 Endothelial dysfunction, nitrate tolerance and nitro-oxidative

stress parameters in GTN-treated Wistar rats. a Results of the

isometric tension recordings for the endothelium-dependent aortic

relaxation, as a read-out for the endothelial dysfunction. b Results of

the isometric tension recordings for the endothelium-independent

aortic relaxation, as a read-out for nitrate tolerance development.

c 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 quantifi-

cation. Red fluorescence indicates RONS formation, green

fluorescence indicates autofluorescence of the basal laminae. d Mea-

surement of RONS formation in cardiac mitochondria by L-012-

enhanced chemiluminescence. e Evaluation of whole blood nitro-

oxidative stress, by quantification of the white blood cell-dependent

oxidative burst in response to Zymosan A stimulation. The data are

presented as mean value ± SEM of a 5–18; b 5–18; c 5–25; d 5–25;

e 5–25 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
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the development of endothelial dysfunction and nitrate

tolerance in the animals (Fig. 5a, b). Levels of vascular

ROS, whole blood RONS and cardiac mitochondrial RONS

were elevated in the GTN-treated group (Fig. 5c–e). A

significant increase in Hb-NO levels in the GTN (high

dose) treated animals was observed (Fig. 5f). Increased

DNA damage and nitro-oxidative stress in response to

GTN therapy was confirmed by immuno-histochemical

detection of 8-oxo-G and O6-me-G adducts as well as 3NT-

positive proteins in the rat aorta (Fig. 5g). Importantly,

nitrate tolerance, vascular and cardiac mitochondrial

oxidative stress as well as nitrosative stress (Hb-NO) were

transient and disappeared upon cessation of GTN therapy

for 3.5 days (Fig. 5). In contrast, increased levels of 8-oxo-

G, O6-me-G and 3NT were persistent and showed corre-

lation with the partially impaired endothelial function and

still increased whole blood (leukocyte-dependent)

oxidative burst in GTN rats after the nitrate-free interval

(Fig. 5). Also p53 was still upregulated (by trend) in the

aorta of GTN-treated rats after the nitrate-free interval

(suppl. Fig. S5).

Nitrate tolerance parameters in MGMT2/2 mice

Assessment of the vascular function of isolated aortic ring

segments by ACh or GTN concentration-relaxation curves

revealed a differential effect of GTN therapy on endothelial

function, being more pronounced in MGMT-/- mice

(Fig. 6a) but a similar degree of nitrate tolerance in control

and MGMT-/- mice upon treatment with GTN for

3.5 days (Fig. 6b). Despite this lack of functional conse-

quence of DNA repair deficiency, the levels of O6-me-G

were increased in the untreated and GTN-treated

MGMT-/- group (Fig. 6c, d). In addition, vascular
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Fig. 3 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/day) to Wistar rats.

Representative dot blots are shown below the densitometric quantifi-

cation. b Aortic and cardiac levels of O6-me-G in response to

increasing GTN doses. Representative dot blots are shown below the

densitometric quantification. c Aortic levels of 8-oxo-G and O6-me-G,

measured by immuno-histochemistry in samples of solvent- or GTN

(50 mg/kg/day)-treated rats. d Cardiac levels of 8-oxo-G and O6-me-

G, measured by immuno-histochemistry in samples of solvent

(EtOH)- or GTN (50 mg/kg/day)-treated rats. Representative images

are shown below the densitometric quantification. Samples, devoid of

the primary antibody treatment, were used as negative controls for

IHC measurements. Immuno-histochemical stainings of aortic and

cardiac tissue for 8-oxo-G at 100-fold magnification are shown in

suppl. Fig. S6. 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
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oxidative stress showed a more pronounced increase in

GTN-treated MGMT-/- mice as compared to controls

(Fig. 6e). These findings imply 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
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Fig. 4 Increased apoptosis in cardiac and aortic tissue from nitrate

tolerant animals. 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/day)-treated rats. As a positive control

treatment with DNase I (1500 U/ml) was used. As a negative control,

addition of TUNEL reagent was avoided. Representative images are

shown below the densitometric quantification. d Western blot analysis

for aortic protein expression levels of p53 and cH2AX as read-out for

DNA damage response to in vivo GTN treatment (50 mg/kg/day).

Original Western blots are shown below the densitometric quantifi-

cation. As positive control, liver tissue homogenate was used, which

was obtained from mice treated with the alkylating agent azoxy-

methane. The densitometry data are presented as mean value ± SEM

of a 3–5; b 3–5; c 6; 3 d 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
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pathogenesis (including cross-tolerance to ACh) seems to

be aggravated in MGMT deficient mice, which might

contribute to the long-term adverse effects of GTN therapy.

Discussion

In this study, we investigated the molecular mechanisms

that contribute to the pathogenesis of nitrate tolerance, a

serious side effect of organic nitrate (especially GTN)

therapy. Until now, very little attention has been paid to

the impact of DNA damage in nitrate tolerance and its

potential mutagenic and cytotoxic effects. It was previ-

ously demonstrated that organic nitrates increase the

level of micronuclei, which reflect chromosomal damage

[2]; however, mechanistic insights were not provided.

We here focused on previously described DNA damage-

associated cell death by apoptosis [51]. We demonstrate

the formation of the pre-mutagenic DNA lesions 8-oxo-

G and O6-me-G as well as apoptotic effects upon GTN

treatment of cultured cells and in an in vivo setting in

animals.
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Fig. 5 Impact of 3.5 days of nitrate-free interval (GTN ? 3.5 days

w/o) on endothelial dysfunction, nitrate tolerance, oxidative stress,

DNA damage and 3-nitrotyrosine-positive proteins in response to

3.5 days of continuous GTN (50 mg/kg/day) treatment. a Results of

the isometric tension recordings for the endothelium-dependent aortic

relaxation, as a read-out for the endothelial dysfunction. b Results of

the isometric tension recordings for the endothelium-independent

aortic relaxation, as a read-out for nitrate tolerance development.

c 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 quantifi-

cation. Red fluorescence indicates RONS formation. d Evaluation of

whole blood oxidative burst in response to Zymosan A stimulation.

e Measurement of RONS formation in cardiac mitochondria by

L-012-enhanced chemiluminescence. f Determination of whole blood

nitrosyl-iron hemoglobin (Hb-NO) levels by EPR as a read-out of

GTN-induced nitrosative stress. The original spectra show the

presence of the Hb-NO triplet signal in whole blood of GTN-treated

rats or DEA/NO-treated whole blood (positive control). g Immuno-

histochemical data on GTN-mediated DNA damage (O6-me-G and

8-oxo-G) and the long-term nitro-oxidative stress marker 3-nitroty-

rosine-positive proteins. Immuno-histochemical stainings at 100-fold

magnification are shown in suppl. Fig. S7. The data are presented as

mean value ± SEM of 8 (EtOH) or 4 (GTN, GTN ? 3.5 days w/o)

rats (a–f); 2 representative images per group are shown out of 4–8 rats

per group. *p\ 0.05 vs. EtOH-treated solvent control, #p\ 0.05 vs.

GTN-treated group
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In cell culture experiments, using cultured immortal

hybridoma cell line EA.hy 926 that shares some key fea-

tures with human endothelial cells, we observed DNA

damage following 48 h incubation with GTN. We

demonstrate an elevation of the DNA damage markers,

8-oxo-G and O6-me-G, and also show an increase in DNA

strand breaks. In agreement with this finding, GTN

treatment activated the DNA damage response, as revealed

by increased levels of p53 and cH2AX. These findings

extend previous reports showing that nitric oxide, at least at

higher concentrations, has a DNA damaging potential (e.g.,

through the formation of nitrosamines that are able to

alkylate DNA bases or via direct oxidation reaction with

the nucleic acid [34]), confers mutagenic effects and
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D

Fig. 6 Comparison of GTN (30 mg/kg/day) effects in MGMT-/-

and C57BL/6 mice. a Isometric tension recordings of the endothe-

lium-dependent relaxation (ACh response) as a confirmation of nitrate

tolerance development. b Isometric tension recordings of the

endothelium-independent relaxation (GTN response) as a confirma-

tion of nitrate tolerance development. c Immuno-dot blot analysis for

cardiac levels of O6-me-G. Representative dot blot is shown below

the densitometric quantification. d Immuno-histochemical evaluation

of the O6-me-G levels in aorta. Representative images are shown in

suppl. Fig. S8. Samples, devoid of the primary antibody treatment,

were used as negative controls for IHC quantification. e 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 quantifi-

cation. Red fluorescence indicates RONS formation, green fluores-

cence indicates auto fluorescence of the basal laminae. The data are

presented as mean value ± SEM of a 9–11; b 10–11; c 10–11; d 6;

e 10–11 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\ 0.01

vs WT GTN-treated animal, $p\ 0.05 vs WT GTN-treated animal
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triggers apoptotic pathways [18]. It is also important to

note that the highest GTN concentration yielded pro-

nounced cell death, supporting our further observation of

increased apoptosis rates induced by the organic nitrate.

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 the Comet assay [23]. The DNA damaging spec-

trum 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 [36, 37]. Intriguingly, it has been

shown that the DNA repair protein MGMT, which is

responsible for the removal of O6-me-G lesions, is inacti-

vated by �NO, leading to its ubiquitin-mediated degradation

[33]. In support of these findings, deficiency of S-ni-

trosoglutathione reductase, which governs cellular protein

S-nitrosylation, resulted in S-nitrosylation and subsequent

degradation of MGMT under inflammatory conditions

in vivo [59]. Thus, long-term medication with organic

nitrates reduces MGMT protein levels and thereby may

predispose patients to the cytotoxic and pre-mutagenic

effects of alkylating agents that are found ubiquitously in

food, tobacco and environment [16]. However, the high

concentrations used in our cell culture studies represent a

limitation of the present study since they are clearly far

above the concentration range that can be achieved in

rodents and patients [26]. In addition, there is ongoing

discussion on the application of the Comet assay, which

can be evaluated by DNA migration (tail moment) [54] or

by the tail intensity (used in the present study), which both

are considered reliable Comet assay parameters for esti-

mation of genotoxicity [56].

With the model of GTN-induced nitrate tolerance in rats

we show 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 [2]. Nitrate tolerance was clearly correlated

with increased cardiovascular nitro-oxidative stress in a

GTN dose-dependent fashion and GTN treatment induced a

nitrosative 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 O6-me-

G in the DNA upon prolonged treatment with GTN was

confirmed in the 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 war-

rants caution for the clinical 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 [57]. GC–AT transversions are point

mutations that may lead to the synthesis of abnormal/dys-

functional proteins. The same is true for O6-me-G, which is

a highly pre-mutagenic DNA lesion that mispairs with

thymine, resulting in GC-TA transition mutations [21].

These mutations are frequently found in the Kras oncogene

thus contributing to cancer formation (e.g., colon cancer,

[16]). In addition, the mitochondrial bioactivation of GTN

also implies increased mitochondrial DNA damage, which

largely affects myocardial blood flow and its link to

metabolism, as previously shown in a model of metabolic

syndrome [24]. Circulating mitochondrial DNA (e.g., upon

myocardial infarction) may act as a danger signal leading

to NF-jB dependent inflammation and cell death of car-

diomyocytes [4].

Besides the potential mutagenic effects, we also

demonstrate that GTN-induced damage leads to DNA

fragmentation and cell death by apoptosis. These findings

further support the observation that long-term GTN treat-

ment exacerbated post-ischemic myocardial demise and

impaired the functional recovery of the post-ischemic heart

in a rat model [17]. The recovery of cardiac tissue after

myocardial infarction largely depends on the healing pro-

cess in the infarcted area, and apoptotic (as well as

necrotic) cell death pathways play an important role for the

prognosis [49]. Pro-apoptotic effects of GTN were also

reported for endothelial progenitor cells (EPC) from GTN-

treated healthy volunteers [10]. These cells play an

important role in the recovery of the myocardium after

cardiovascular events [5, 61]. It remains to be seen whether

all organic nitrates share this pro-apoptotic potential and

whether this is related to the outcome of meta-analyses of

clinical trials with more than 4000 patients with coronary

artery diseases, demonstrating that chronic therapy with

long-acting organic nitrate was associated with decreased

life expectancy [28, 44].

In order to elucidate how persistent the adverse effects

of GTN therapy are and whether oxidative and alkylation

DNA damage correlate with functional parameters, we also

tested the effect of cessation of GTN therapy. The effect of

nitrate-free interval was previously studied in detail by

Münzel et al. in rabbits [41]. Continuous transdermal GTN

treatment (0.4 mg/h = 2.13 mg/kg/day) induced severe

nitrate tolerance (impaired GTN-dependent relaxation),

endothelial dysfunction (impaired ACh-dependent relax-

ation) and vascular oxidative stress. All parameters were

almost normalized to the placebo-treated control level

when a 12-h patch-on/patch-off GTN treatment regimen

was applied. Despite this quite positive observations in an

animal model, nitrate-free intervals of 12 h in patients

seem to decrease the anginal threshold during patch-off

intervals due to the phenomenon of rebound ischemia

[20, 48]. In our rat model with cessation of GTN treatment

for 3.5 days we observed complete normalization of GTN

response (no nitrate tolerance anymore), systemic nitrosa-

tive stress, cardiovascular oxidative stress but persistent
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DNA damage and the long-term marker of nitro-oxidative

stress, 3-nitrotyrosine in aortic tissue (Fig. 5). Since

endothelial dysfunction was also only partially improved

by the nitrate-free interval, we postulate that endothelial

cells, rather than smooth muscle cells, are more susceptible

to RONS-induced DNA damage and cell death, leading to

persistent impairment of function.

We used MGMT-/- mice to address the question of

whether accumulation of O6-me-G DNA adducts occurs in

GTN-treated animals that are not able to repair the damage

and whether this aggravates the degree of nitrate tolerance.

We also considered the possibility that O6-me-G adduct

formation only represents a side effect of nitrate therapy

without having significant impact on the pathogenesis of

drug-induced complications. Published data show so far no

severe phenotype and only demonstrate moderate impact of

MGMT deficiency on the life span of mice [35], but

MGMT gene polymorphisms have been shown to be

associated with increased incidence of neck cancer and

other tumors [63]. Our data suggest that MGMT deficiency

and O6-me-G accumulation is unlikely to play a key role

for the development and aggravation of nitrate tolerance

with respect to vascular function in the 4-day treatment

setting (Fig. 6b) but there is evidence that it impacts the

degree of cross-tolerance (endothelial dysfunction)

(Fig. 6a). Better correlation of DNA damage with

endothelial dysfunction is also supported by the observa-

tions upon a nitrate-free interval: DNA damage was per-

sistent even after 3.5 days of cessation of GTN therapy and

endothelial function was still partially impaired, whereas

nitrate tolerance was completely absent in these animals

(Fig. 5). It remains to be established whether this long-term

adverse effect of GTN therapy on endothelial function

(potentially involving persistent oxidative stress and DNA

damage) provides an explanation for the observed lower

daily activity of patients with heart failure and a preserved

ejection fraction under ISMN as compared to placebo

therapy [50].

Of note, O6-me-G only represents one out of many

deleterious DNA modifications found upon GTN exposure

(e.g., 8-oxo-G and single strand breaks) and the sum of the

DNA damage might contribute to nitrate tolerance possibly

at the functional level. In addition, the 4-day treatment

regimen may be too short to confer the full toxicity of

GTN-induced DNA damage. Of note, the MGMT-/- mice

were more susceptible to the GTN-induced oxidative

stress, which is in our opinion the major trigger of the

pathogenesis underlying nitrate tolerance and accounts for

most of the serious side effects encountered under long-

term organic nitrate therapy. In addition, the induction of

cancer following chronic GTN therapy of patients is

conflicting: the drug has been used clinically for more than

a century without alarming increase in cancer incidence

and was even suggested as an anti-cancer drug for non-

small-cell lung cancer [62]. On the other hand, the anti-

cancer effect of GTN was not confirmed by a recent ran-

domized trial including 372 participants [9]. A major

limitation of the studies in mice could be based on their

higher resistance to GTN-induced nitrate-induced side

effects (e.g., endothelial dysfunction) as previously repor-

ted [8].

The activation of intrinsic oxidative and nitrosative

pathways by GTN may also lead to the highly protective

phenomenon of preconditioning [25] and most probably the

treatment duration (acute versus long term) will determine

whether GTN elicits beneficial or harmful effects. Interest-

ingly, GTN treatment per se did not interfere with cardiac

protection afforded by remote ischemic preconditioning in

patients undergoing coronary surgery [30]. A critical eval-

uation of all the relevant experimental and clinical literature

to assess whether exogenous NO (NO gas, nitrite, nitrate or

NO donors) given at reperfusion can limit infarct size,

revealed highly protective effects for most experimental

studies whereas the benefit of these interventions in clinical

myocardial infarction is unproven [3].

In conclusion, the present study demonstrates that long-

term GTN treatment causes DNA damage in the vascular

endothelium, including the mutagenic and cytotoxic adduct

O6-me-G, and apoptotic cell death. The findings may be

taken to explain the serious side effects of GTN, namely

oxidative stress and associated vascular dysfunction fre-

quently observed during chronic GTN therapy.
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