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Abstract

When produced at physiological levels reactive oxygen species (ROS) can act as signaling
molecules to regulate normal vascular function. Produced under pathological conditions, ROS can
contribute to oxidative damage of cellular components (e.g., DNA and proteins) and trigger cell
death. Moreover, the reaction of superoxide with nitric oxide (NO) produces the strong oxidant
peroxynitrite and decreases NO bioavailability, both of which may contribute to activation of cell
death pathways. The effects of ROS generated from the 1,4-naphthoquinones alone and in
combination with NO on the activation status of poly(ADP-ribose) polymerase (PARP) and cell
viability were examined. Treatment with redox cycling quinones activates PARP, and this
stimulatory effect is attenuated in the presence of NO. Mitochondria play a central role in cell
death signaling pathways and are a target of oxidants. We show that simultaneous exposure of
endothelial cells to NO and ROS results in mitochondrial dysfunction, ATP and NAD™ depletion,
and cell death. Alone, NO and ROS have only minor effects on cellular bioenergetics. Further,
PARP inhibition does not attenuate reduced cell viability or mitochondrial dysfunction. These
results show that concomitant exposure to NO and ROS impairs energy metabolism and triggers
PARP-independent cell death. While superoxide-mediated PARP activation is attenuated in the
presence of NO, PARP inhibition does not modify the loss of mitochondrial function or adenine
and pyridine nucleotide pools and subsequent bioenergetic dysfunction. These findings suggest
that the mechanisms by which ROS and NO induce endothelial cell death is closely linked to
maintenance of mitochondrial function and not overactivation of PARP.
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Endothelial dysfunction contributes to the pathogenesis of several diseases including
diabetes, atherosclerosis, cardiovascular, and pulmonary diseases.! Endothelium-derived
nitric oxide (NO) is essential for normal vessel function as it regulates arterial pressure by
causing vascular smooth muscle relaxation.? Reactive oxygen species (ROS), such as
superoxide anion and hydrogen peroxide, are produced in the endothelium during cellular
metabolism by various enzymes including NADPH oxidase, xanthine oxidase, uncoupled
endothelial NO synthase, and mitochondrial respiratory chain complexes.3 4 In addition to
cellular sources of ROS, naphthoquinone compounds (e.g., menadione, DMNQ) represent a
group of environmental toxins present in the air as products of fuel combustions and tobacco
smoke. Quinones interact with biological systems to cause oxidative stress by intracellular
one- and two-electron redox cycling to generate superoxide and hydrogen peroxide,> ¢ and
in some cases modification of cellular nucleophiles.” Quinones have been used to generate
ROS to study oxidative stress and redox signaling.8-11 For example, menadione has been
shown to activate redox-dependent gene expression at low levels® and cause mitochondrial
DNA damage and cell death at high levels.12: 13 DMNQ exerts its prooxidative effect via
redox cycling,14 while menadione, in addition to ROS generation, can modify protein thiols,
which are strong nucleophiles.”

When produced at physiological levels, ROS can act as signaling molecules that regulate
normal vascular function,1> however, at pathophysiological levels, ROS can decrease NO
bioavailability due to the reaction between NO and superoxide, yielding the strong oxidant
peroxynitrite and the subsequent post-translational modifications of proteins (e.g., tyrosine
nitration).16: 17 Further, there is a complex interplay between NO- and ROS-dependent
signaling, as NO has been shown to inhibit hydrogen peroxide-induced death,8 and
interactions between NO and superoxide limit NO signaling.1®

ROS produced by redox cycling quinones, i.e., superoxide and hydrogen peroxide, can
damage proteins and DNA.20 Poly(ADP)-ribose polymerase (PARP) is activated by DNA
damage, 2} 22 and is responsible for menadione-stimulated cell death.11 PARP catalyzes the
transfer of ADP-ribose from NAD™ to itself and other acceptors (e.g., histones) to facilitate
changes in chromatin structure and recruitment of DNA repair machinery. PARP-1 is
responsible for ~90% of poly (ADP-ribosy)lation in most cells.! High levels of DNA
damage and prolonged activation of PARP can lead to depletion of cellular NAD* and
subsequent loss of ATP, which results in cell death.23: 24 PARP activation has been linked to
the pathogeneses of multiple vascular diseases including endothelial dysfunction associated
with diabetes, > hemorrhagic shock,28 stroke,2” and myocardial?8: 29 and cerebral
ischemia.30 In each of these examples, oxidative stress was proposed as the underlying
mechanism responsible for DNA damage and subsequent activation of PARP. While
superoxide and/or peroxynitrite were indicated as mediators of DNA damage that triggered
PARP, an investigation of systems generating superoxide and nitric oxide under a defined
set of conditions has not been performed.

In this study, the mechanisms of action of ROS and NO on endothelial metabolic function
and viability were examined. We show that actions of ROS on bovine aortic endothelial
cells (BAEC) are reversible, associated with PARP-1 activation and the inhibition in
mitochondrial function, but do not lead to subsequent cell death. Alone, NO transiently
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inhibits mitochondrial respiration without activating PARP; however, in combination, NO
donor and redox cyclers activate PARP-1 and decrease cellular ATP and NAD* pools, and
these effects result in the complete inhibition of oxidative metabolism. We conclude that
under these conditions cell death occurs due to inability to maintain metabolic functions and
not due to overactivation of PARP.

Experimental procedures

Materials

Cell culture

All chemicals were of analytical grade and purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise noted. Deta/NO (2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-
imidazolyl-1-oxy-3-oxide) was purchased from Cayman Chemical (Ann Arbor, MI). DMNQ
was obtained from Enzo Life Sciences (Farmingdale, NY). Hydroethidine was purchased
from Molecular Probes (Grand Island, NY).

BAEC were obtained from Lonza (Walkersville, MD) and grown in high glucose (25 mM)
DMEM media supplemented with 10 % FBS (Invitrogen, Carlsbad, CA) as described
previously.3! Cells were exposed to NO donor and quinones in assay media (Dulbecco’s
phosphate buffered saline, DPBS, supplemented with 5.5 mM glucose and 1 mM pyruvate).
Cells were grown in 6-well cluster plates unless otherwise noted. Experiments using
extracellular flux technology were performed in specialized Seahorse Bioscience
microplates with 40,000 cells/well. BAEC were seeded on 48-well cluster plates for MTT
assay. Cells were incubated at 37°C in a humidified atmosphere of 5% CO, and 95% air.
Cells were used between passages 4 and 10 for all experiments and at 90% confluence at the
beginning of each assay.

Detection of superoxide

Superoxide formation was assessed by measuring oxidation of hydroethidine (HE) to 2-
hydroxyethidium (2-OH-E*) as described previously.32 Briefly, cells were treated with
indicated compounds for 4 h and HE (10 uM) was added for the last hour of incubation.
After the wash with ice cold DPBS, cells were scraped into 1 mL of DPBS and pellets (1000
x g for 1 min) were snap frozen in liquid nitrogen. Pellets were syringe-lysed in 120 pL
DPBS containing 0.1 % Triton-X100. Then 80 L of lysate was mixed with 80 uL of 0.2 M
HCIO,4 in methanol to extract oxidation products of HE. Samples were incubated on ice for
1 h, followed by centrifugation (16000 x g for 15 min). Resulting supernatant (120 uL) was
mixed with 1 M potassium phosphate, pH 2.6 (40 uL). Samples were centrifuged and
supernatants were analyzed by HPLC using Shimadzu Prominence system equipped with
UV/Vis and fluorescent detectors. The analysis was performed on Kromasil C18 column
(100 x 4.6 mm, 2.6 um, Phenomenex, Torrance, CA) using solvent A (0.1 % trifluoroacetic
acid in water, v/v) and solvent B (0.1 % trifluoroacetic acid in acetonitrile, v/v) with a flow
rate of 1 ml/min. The column was equilibrated with 80 % solvent A and 20 % solvent B,
followed by linear increase in solvent B to 40 % over the next 10 min. The fraction of
solvent B was increased to 100 % over the next 2 min and maintained at this level for 2.5
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min. 2-OH-E* in the sample was detected with fluorescent detector (ex. 490nm, em. 567
nm) and quantified using the known amounts of standard.

Lactate dehydrogenase release

MTT assay

After the treatment with NO donor and quinones and a 12 h incubation in complete medium,
aliquots of the medium were taken, and cells were harvested by scraping into lysis buffer
(PBS with 0.1% Triton X-100). Cell lysates were centrifuged (14,000 x g for 10 min), and
LDH (lactate dehydrogenase) activity in the supernatant and medium samples was measured
by monitoring the oxidation of NADH (0.3 mM) at 340 nm.33

MTT assay was performed as described previously.3* After the treatment, the media were
replaced with complete culture medium containing 0.4 mg/mL thiazolyl blue tetrazolium,
and the cells were incubated at 37°C for 2 h. The medium was then removed, and the
resulting formazan crystals were solubilized in DMSO. The absorbance was read at 590 nm
with background reference at 620 nm.

Determination of protein poly(ADP-ribosyl)ation

Cell lysate proteins were resolved using reducing SDS/PAGE and transferred on to
nitrocellulose membranes (Bio-Rad, Hercules, CA). Equivalent amounts of protein were
loaded, and protein-attached poly(ADP-ribose) polymers were detected using specific
antibody from Trevigen (Gaithersburg, MD) and visualized with enhanced
chemiluminescence. The levels of protein poly(ADP-ribosyl)ation were normalized to -
actin levels (Sigma).

Extracellular flux technology

Seahorse Bioscience XF24 Extracellular Flux Analyzer (North Billerica, MA) was used to
measure mitochondrial function in intact BAEC.35-37 This instrument allows for the
sensitive measurement of oxygen consumption rates (OCRs) from adherent, intact cultured
cells. The mitochondrial function assay employed in the present study used sequential
injection of oligomycin and carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
to define the mitochondrial function parameters basal OCR, maximal OCR, and reserve
respiratory capacity as described previously.38: 39 After 5 h treatment with NO donor and
quinones, cells were washed and switched to assay media 1 h prior to the beginning of the
assay and maintained at 37°C. Values were normalized to the total protein per well after the
completion of the extracellular flux assay. Protein levels were assessed by the Bradford
protein assay (Bio-Rad, Hercules, CA). When examining the recovery of mitochondrial
function with extracellular flux analyzer, the treatment medium was replaced with
unbuffered DMEM, supplemented with 10% FBS, 25 mM glucose, 1 mM pyruvate and
adjusted to pH 7.4, and oxygen consumption and extracellular acidification were followed
for 12 hours.
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Nucleotide measurements

Adenine (ATP, ADP, and AMP) and pyridine nucleotides (NAD*, NADH, NADP™, and
NADPH) were analyzed using HPLC following acidic or alkaline extraction based on
previously published methods.49-42 Adenine and oxidized forms of pyridine nucleotides
were extracted using perchloric acid precipitation as described previously.#2 Solvent A (75
uL; 0.1 M potassium phosphate, 4 mM tetrabutylammonium bisulfate, pH 6.0, diluted v/v in
water 64:36) was added to supernatants. Protein concentration was determined using the
Bradford assay in protein pellets resuspended in 0.5 N NaOH (200 pL). For NADH and
NADPH measurements, cells were harvested under alkaline conditions (0.5 M KOH/Hank’s
balanced salt solution, 3:1). The pH of lysates was adjusted to ~8 using 6 M HCI and
ammonium acetate (1 M, pH 4.7).40- 41 All samples were filtered prior to HPLC analysis.
HPLC analysis of nucleotides was performed on Kinetex C-18 column (2.6 um, 100 mm x
4.6 mm internal diameter) using solvent A and solvent B (0.1 M potassium phosphate, 4
mM tetrabutylammonium bisulfate, pH 6.0, diluted v/v in methanol 64:36) with a flow rate
of 1 mL/min. The column was equilibrated with solvent A and compounds were eluted
during a linear increase in solvent B to 50% between 1 min and 5 min, followed by increase
to 65% over next 6 min. Solvent B was maintained at that level for 1.5 min. ATP, ADP,
AMP, NAD*, NADH, NADP*, and NADPH peaks were measured for each sample,
compared with the standards, and expressed in nanomoles per milligram of protein.

Statistical analysis

Results are reported as means + SE for n = 3, as indicated in the figure legends. Statistical
significance was evaluated by Student's t-test. The minimum level of significance was set at
p <0.05.

Results
Effects of NO and ROS on poly(ADP-ribose) polymerase activation

Menadione and DMNQ generate superoxide intracellularly via redox cycling, and
superoxide production in BAEC was confirmed by monitoring the oxidation of HE to 2-OH-
E*.32 Within 4 h, the levels of 2-OH-E* increased from 12 + 1 pmol/mg protein in controls
(mean % SE, n=3) to 629 + 14 pmol/mg protein in cells treated with menadione (20 uM) and
to 345 £ 9 pmol/mg protein in cells exposed to DMNQ (20 uM). Similar amounts of 2-OH-
E* were detected in macrophages stimulated with phorbol ester,*3 hence superoxide
generation by quinones corresponded to levels of superoxide produced by NADPH oxidase
in immune cells. The nitric oxide donor Deta/NO has a half-life of 20 h under cell culture
conditions (37°C, pH 7.4)* liberating NO in the extracellular space with an initial rate of
about 10 nM/s. The levels of NO liberated by this donor (at 500 pM) are comparable to
levels of NO generated by iNOS.4° The calculated steady state concentration of NO in
solution is ~ 2 M (considering consumption only by oxygen).

We first measured formation of poly(ADP-ribose) (PAR) polymers, indicative of PARP
activation, after the treatment with NO donor (500 uM) and quinones alone and in
combination. As expected, alone menadione and DMNQ caused significant protein
poly(ADP-ribosyl)ation indicative of DNA damage (Figure 1A and B). Consistent with
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previous reports,*® NO alone did not activate PARP. Surprisingly, protein poly(ADP-
ribosyl)ation was decreased when NO was administered in the presence of redox cyclers as
compared to redox cyclers alone. This suggests that NO inhibits ROS-dependent PARP
activation.

Since PARP-1, once activated by DNA strand breaks, is a major NAD*-consuming
enzyme,2L: 22 we next measured the levels of NAD* and NADH. Treatment with menadione,
DMNQ, or Deta/NO resulted in modest decreases in NAD* levels (by 12%, 44.7%, and
16.9%, respectively; Figure 1C). However, when the NO donor was added in the presence of
the quinone, less than 5% of the NAD* remained. NADH levels followed the same trend as
NAD*, with combined treatment of NO and quinone, resulting in over 90% depletion of the
pool (Figure 1D). Moreover, combined exposure to NO and redox cycler significantly
decreased intracellular NADPH, but did not modify NADP™ levels (Figure S1), indicating
that the observed loss of NAD* and NADH pools was not due to conversion to the
NADP(H) pool of nucleotides. Cells exposed to NO and menadione maintained the plasma
membrane integrity compared to untreated controls and there was about 25% trypan blue
positive staining in cells treated with NO and DMNQ (Figure S2). Thus, loss of membrane
integrity was not responsible for the depletion of pyridine nucleotides. Taken together, these
results demonstrate a striking lack of correlation between activation of PARP and NAD*
depletion, and further studies sought to understand this mechanistically.

The effects of NO and quinone on cell viability

BAEC were exposed to the NO donor Deta/NO (500 uM) or quinone (DMNQ, 20 uM, or
menadione, 20 uM) alone or in combination for 5 h. The effects of NO and ROS (generated
from menadione or DMNQ) on cellular viability were assessed. Simultaneous treatment
with the NO donor and DMNQ or menadione led to marked changes in cell morphology,
that include the loss of projections, detachment from the plate and cell shrinking. Alone
these agents did not modify cell morphology (Figure 2A). Viability measurements using
MTT reduction demonstrated menadione and DMNQ decreased BAEC viability by 30 to
40%, and addition of PARP-1 inhibitor, PJ-34, afforded only a small protection (Figure 2B).
Alone, the NO donor did not reduce BAEC viability, but in the presence of menadione or
DMNQ, NO caused a greater than 95% loss in cell viability. Importantly, co-treatment with
PJ-34 under the same conditions did not exert any protective effects. Together, these studies
were extended using LDH release as a second measure of cell death, and similar results were
found. The combined treatment of NO donor and menadione or DMNQ caused significant
LDH release, and this process was not affected by addition of PJ-34 (Figure 2C). These
findings indicate that NO and quinones act synergistically to induce cell death in BAEC
which is insensitive to PARP-1 inhibition. This implies that PARP-1 overactivation does not
mediate cell death under conditions of concomitant NO and ROS production, a finding
inconsistent with other literature reports. Additional studies were aimed at identifying
alternative mechanisms of cell death.

NAD"* levels in response to PARP-1 inhibition

PARP-1 is a major NAD*-consuming enzyme that is activated by DNA strand breaks?!: 22
and we have shown that in response to concomitant generation of NO and ROS, there is
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dramatic loss of the cellular NAD* pool. Thus, we investigated whether inhibition of
PARP-1 protects this nucleotide pool. After treatment with NO donor and menadione, in the
presence of PJ-34, the NAD* level was significantly higher than in its absence, however this
increase is less than 12 % of the total pool of NAD* (Figure 3). These data demonstrate that
while the addition of PJ-34 is able to protect from complete consumption of NAD*, PARP-
dependent NAD* depletion represents only a small component of the loss in response to NO
and superoxide/hydrogen peroxide exposure.

Adenine nucleotide levels after Deta/NO and quinone administration

To investigate the mechanism mediating the NAD*/NADH depletion and toxicity after NO
and ROS exposure we examined the effects of these compounds on the levels of ATP,
critical substrates for de novo and salvage pathways of NAD* biosynthesis.#” Alone, the NO
donor, menadione, or DMNQ did not affect ATP, ADP, and AMP levels. In contrast,
simultaneous exposure to NO and ROS led to ATP depletion in BAEC (Figure 4A). A
nearly complete loss of ATP was associated with 50% elevation in ADP, while AMP levels
were increased 8- to 11-fold (Figure 4B and C). Interestingly, the increase in ADP and AMP
did not account for the entire loss in ATP, suggesting there is further metabolism of
adenosine phosphates. Inhibition of PARP-1 with PJ-34 did not prevent ATP depletion or
changes in ADP and AMP levels in response to combined Deta/NO and menadione
treatment (Figure S3).

Mitochondrial function in response to NO and quinone

As shown above, combined NO and ROS treatment dramatically decreased ATP and NAD*
levels. Yet, PARP-1 overacitvation was insufficient to explain this depletion, as PARP was
activated by redox cyclers both in the presence and absence of NO. An alternative
mechanism for deregulation of adenine and pyridine nucleotides homeostasis is through
bioenergetic dysfunction, and mitochondria represent a critical hub for nucleotide
catabolism and anabolism. Bioenergetic function was assessed under conditions of NO and
superoxide/hydrogen peroxide formation using extracellular flux technology. There was a
~30% decrease in basal oxygen consumption rate (OCR) of BAEC upon treatment with NO
donor, menadione or DMNQ (Figure 5A). Administration of redox cycler in the presence of
Deta/NO reduced OCR by 66%, a finding that is indicative of loss of mitochondrial
function. Mitochondrial function was further probed by examining the effects of sequential
administration of electron transport chain inhibitors to assess multiple mitochondrial
function parameters.38 A schematic representation of this mitochondrial function assay and
the calculation of these parameters, including basal OCR, ATP-linked OCR, proton leak,
reserve capacity and oxygen consumption that occurs independent of Complex 1V (non-
mitochondrial), is presented in Supplemental Figure 4 along with time-resolved data
obtained after the treatment with quinones in the presence and absence of Deta/NO. ATP-
linked respiration was inhibited after treatment with menadione and DMNQ, but consistent
with previous reports,*8 it was not affected by NO (Figure 5B). In response to simultaneous
administration of a redox cycler and Deta/NO there was a further decrease in ATP-linked
respiration as compared to the redox cycler alone. Reserve capacity was abolished by all
compounds added alone or combination (Figure 5C). Non-mitochondrial oxygen
consumption and proton leak were not significantly affected by any of the treatments (Figure
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S4). In sum, these results indicate that simultaneous exposure to NO and ROS results in
severe mitochondrial dysfunction in BAEC, a likely cause of adenine and pyridine
nucleotides depletion.

Discussion

In response to DNA damage caused by oxidative stress, PARP is activated and participates
in the repair of DNA and cell survival. When overactivated, PARP can deplete cellular
NAD* and ATP23 and this process has been linked to several vascular pathologies.2>-28. 30
Since overactivation of PARP-1 and oxidative stress have been associated with vascular
disease, the effects of NO and ROS on PARP-1 activation status and endothelial cells
function/survival were examined. After quinone treatment, NAD* and ATP levels as well as
basal oxygen OCR were decreased about 30%, and this effect was associated with PARP-1
activation. Interestingly, the depletion of NAD* and ATP and decline in mitochondrial
function after combined treatment with NO and ROS occurred under conditions when PARP
activity was diminished as compared to ROS alone, demonstrating PARP activation is
attenuated, not stimulated in response to the combination of ROS and nitric oxide. Although
the mechanism is not clear, it is likely that hydrogen peroxide is the major genotoxic oxidant
in this system. NO could diminish hydrogen peroxide by directly scavenging superoxide and
diverting it away from dismutation, or alternatively, NO could act down-stream of hydrogen
peroxide formation on the PARP activation signaling pathway. Although inhibition of
PARP-1 has been shown to protect from hydrogen peroxide- and peroxynitrite-induced
NAD* depletion in human umbilical vein endothelial cells,%9 in the case of BAEC, the
inhibition of PARP-1 did not prevent the loss of cellular levels of NAD* and ATP, or the
inhibition of mitochondrial function after treatment with Deta/NO and quinones. These
findings suggest PARP-1 overactivation is not responsible for the depletion of NAD* and
ATP. The differences observed between the two cell types may arise from the different
oxidants produced in each experimental model or the use of a single dose (bolus addition) in
the study with HUVEC as compared to the use of redox cycling quinones and Deta/NO to
deliver ROS and NO in this study. There was a significant induction of PARP-1 activity
after menadione and DMNQ treatment in BAEC, suggesting that the production of ROS by
these redox cyclers causes DNA damage to levels sufficient to activate PARP. Nevertheless,
the cellular NAD* and ATP levels remained intact, suggesting that PARP-1 is not
overactivated. This quinone-induced protein poly(ADP-ribosyl)ation was also inhibited in
the presence of NO donor, implicating NO as a suppressor of this response to genotoxic
stress. In combination, the inhibition of mitochondrial function by NO appears to synergize
with the genotoxic effects of the quinones resulting in irreversible damage and cell death.
While our studies are in agreement with previous reports indicating that superoxide/
hydrogen peroxide and NO are together far more toxic than any of these compounds
alone,17-50. 51 \we provide new evidence that ROS-stimulated PARP-1 activation is
attenuated in the presence of NO indicating that targets in addition to PARP-1 and DNA
damage contribute to the demise of endothelial cells producing ROS and NO.

Superoxide-producing compounds, such as menadione induce cell death by apoptosis in
endothelial cells®2 or PARP-dependent necrosis in cardiomyocytes.11 We show that
superoxide and hydrogen peroxide production in response to menadione and DMNQ
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treatment (20 uM) does not reduce cell viability and does not affect cellular morphology.
Much like superoxide and hydrogen peroxide, the administration of NO also does not
change cell morphology; however, in combination, in response to Deta/NO and superoxide
producing quinones (menadione or DMNQ) cellular morphology is affected as evidenced by
cell shrinking and loss of projections and cell detachment from plates (Fig 2A). While there
are morphological changes associated with the loss of cell viability, there does not appear to
be a breach in membrane integrity as cells exclude Trypan Blue and LDH is not released
into the supernatant following 5 h incubation. Continuing the incubation leads to the loss of
cell viability including membrane integrity as nearly all of the cellular LDH is released from
the cells following a 12 h incubation (Fig 2C). These results indicate that the mechanisms
responsible for cell death in response to NO and superoxide-generating compounds are not
rapid and are associated with loss of membrane integrity, suggesting endothelial cell death
by necrotic mechanisms.

Because PARP-1 overactivation does not appear to contribute to BAEC death in response to
NO and ROS, but the loss of viability is associated with reductions in ATP and NAD*, the
role of mitochondrial oxidative capacity was examined using the extracellular flux analyzer.
Reserve capacity is defined as the bioenergetic reserve that cells can mobilize to respond to
stress, and its loss has been associated with the subsequent cell death and end organ
dysfunction.39 53,54 We show that NO and ROS generated from quinones can acutely
decrease the reserve capacity of BAEC (Fig 5C), but when these compounds are removed
and cells are allowed to recover in complete culture medium for up to 12 h, the cells remain
viable (absence of LDH release, Fig 2C). While the stressors can negatively affect cellular
bioenergetics, alone they do not cause cell death. These data are consistent with previous
reports showing that NO generated from Deta/NO has relatively little effect on basal and
ATP-linked OCR, but decreases reserve capacity.3? In contrast, simultaneous administration
of NO donor and menadione or DMNQ leads to complete inhibition of mitochondrial
respiration resulting in irreversible inhibition of cellular metabolism and cell death. Similar
results have been obtained with BAEC exposed to S-nitrosocysteine (nitrosative stress) with
DMNQ (oxidative stress) where these agents were not toxic individually but in combination
they cause bioenergetic dysfunction, depletion of ATP and NAD*, and cell death.>® The
decreases in NADH levels observed following treatment with menadione and DMNQ are
likely due to the reduction of oxygen that occurs during the transfer of electron(s) from
flavoenzymes to molecular oxygen by the redox cycling agents.%® However, NAD* levels
were also diminished under these conditions indicating that the mechanism is more complex
than the simple oxidation of NADH. Consistent with the complexity, NO, in the presence of
quinone, caused almost complete loss of NADH and NAD™ indicating large perturbations in
pyridine nucleotide homeostasis under these conditions. Although NAPDH was depleted
after combined treatment with Deta/NO and redox cycler, the levels of NADP* were
maintained. This finding is consistent with studies by Circu et al. who reported increased
NADPH consumption in colon epithelial cells after exposure to menadione that was
associated with enhanced NAD* to NADP* conversion to compensate for the NAPDH
depletion.>” We have observed a similar scenario in endothelial cells exposed to quinones.
Despite the decline in NADH and NAD™ levels, BAEC were able to maintain an intact
NADPH pool. However, when NO was added as an additional stressor, loss of NADPH was
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observed. The disruption of pyridine nucleotide homeostasis, combined with the loss of
mitochondrial function, likely contributes to disruption of cellular bioenergetics.

ATP depletion, observed after combined treatment with Deta/NO and quinone, was
associated with only small increase in ADP levels and several-fold increase in cellular AMP
pool (Fig 4). This is an important observation, as the energetic status of the cell is often
expressed as the ratio of adenine nucleotides (e.g., ATP/ADP). Our findings suggest that the
total amount of these high-energy substrates is equally important. Further, a direct
consequence of elevated levels of AMP is the activation of AMP-activated protein kinase
(AMPK), and AMPK has been attributed to providing protection of cells to NO-mediated
damage.>8 In combination NO and ROS treatment causes a net decrease in the total pool of
adenine nucleotides across mono-, di-, and triphosphate. For example, combined treatment
with Deta/NO and menadione resulted in a decrease of ~44 nmol of ATP per mg of protein
while only 1.1 % and 22.7 % of adenine could be accounted for in the ADP and AMP pools,
respectively. This indicates that under severe stress conditions, further metabolism and/or
degradation of these nucleotides takes place.

Our study provides an interesting association between PARP-1 activation state and
mitochondrial function. The mechanism responsible for cell death in BAEC treated with NO
and superoxide involves mitochondrial dysfunction that leads to bioenergetic failure and
subsequent cell death. Under these conditions DNA repair process appears to be attenuated.
It is becoming apparent that mitochondrial metabolism and adequate supply of high-energy
substrates are crucial for proper DNA repair.59: 60 What specifically triggers bioenergetic
failure will require further investigation; however, several possibilities exist and include
decrease in biosynthetic pathways and/or increased catabolism. Inhibition of oxidative
phosphorylation will result in decreased levels of ATP and subsequently NAD™ due to ATP
requirement for NAD* synthesis.*” Similarly, in the absence of NAD*, glycolysis and citric
acid cycle function will be impaired since NAD" is a critical cofactor for several enzymes in
these pathways, and this may inhibit ATP formation. PARP-1 overactivation can be one of
the mechanisms responsible for increased catabolism of NAD* in cells, but our data exclude
this possibility in the case of BAEC exposed to NO and ROS. Alternatively, increased
demand on NADP*/NADPH redox couple can deplete NAD™ - a substrate for synthesis of
NADP* and NADPH through conversion of NAD* to NADP* by NAD kinase.b? It is also
possible that these events occur in combination and together result in severe impairment of
cellular bioenergetics.

Overall, we show that NO and ROS synergize, likely through formation of peroxynitrite, to
cause irreversible inhibition of mitochondrial function, disruption of nucleotide homeostasis,
and cell death. It is apparent that oxidants control not only the redox state of the
NADH/NAD™ couple, but also the absolute levels of pyridine and adenine nucleotides, and
the latter may be more important in determining cell fate. Endothelium is a site of nitric
oxide production and, under inflammatory conditions, may be exposed to ROS from several
sources. Thus these findings could contribute to better understanding of events during the
development and progression of vascular pathologies.
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LDH lactate dehydrogenase
MTT, NO nitric oxide
OCR oxygen consumption rate
PAR poly(ADP-ribose)
PARP poly(ADP-ribose) polymerase, PJ-34 N-(6-Oxo0-5,6-dihydrophenanthridin-2-
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ROS reactive oxygen species
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Figure 1. NO abrogates quinone-dependent PARP activation
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BAEC were exposed to Deta/NO (500 uM) for 1 h prior to treatment with menadione (20
M) or DMNQ (20 pM) for an additional 4 h. (A) Protein poly(ADP-ribosyl)ation was
measured by Western blotting using antibody against poly(ADP-ribose). (B) Densitometric
analysis of protein PAR normalized to B-actin levels. NAD+ (C) and NADH (D) levels were
measured by HPLC and normalized to total protein. Control (black bars), menadione-treated
(white bars), and DMNQ-treated (grey bars) groups are shown. Values represent means +
SE; n=3.*p <0.05 compared to untreated control, ** p < 0.05 compared to samples

without Deta/NO.
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Figure 2. NO and quinone synergistically contributeto cell death
BAEC were exposed to Deta/NO (500 uM) for 1 h prior to treatment with menadione (20

M) or DMNQ (20 pM) for an additional 4h. (A) Light micrographs were taken at 5 h and
show morphological changes in cells exposed to both quinone and NO donor. (B) Viability
was assessed by MTT in cells incubated in the absence or presence of PJ-34 (10 uM). (C)
Cells were washed and incubated in full medium for an additional 12 h. LDH release was
measured to assess the cell viability. Control (black bars), menadione-treated (white bars),
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and DMNQ-treated (grey bars) groups are shown. Values represent means £ SE; n=3.*p <
0.05 compared to samples without Deta/NO, **p < 0.05 compared to samples without PJ-34.
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Figure 3. Theeffect of PARP inhibitor on NAD* depletion
BAEC were exposed to Deta/NO (500 uM) for 1 h prior to incubation without (black bars)

and with menadione (20 uM, white bars) for an additional 4 h in the presence and absence of
PARP-1 inhibitor, PJ-34 (10 uM). NAD+ levels were measured by HPLC and normalized to
total protein. Values represent means + SE; n = 3. * p < 0.05 compared to samples without
Deta/NO, **p < 0.05 compared to samples without PJ-34.
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Figure4. Changesin adenine nucleotidesin response to combination of NO and quinone
BAEC were exposed to Deta/NO (500 uM) for 1 h prior to treatment with menadione (20

UM, white bars) or DMNQ (20 puM, grey bars) for an additional 4 h. Black bars represent
control treatment. ATP (A), ADP (B) and AMP (C) levels were measured by HPLC and
normalized to total protein. Values represent means + SE; n = 3. * p < 0.05 compared to
samples without Deta/NO.
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Figure 5. Mitochondrial function is decreased in response to combination of NO and quinone
BAEC were exposed to Deta/NO (500 uM) for 1 h prior to treatment with menadione (20

UM, white bars) or DMNQ (20 puM, grey bars) for an additional 4 h. Black bars represent
control treatment. (A) Basal oxygen consumption rate (OCR), (B) ATP-linked OCR and (C)
reserve capacity OCR were measured using extracellular flux technology. OCRs were
normalized to total protein per well after completion of assay. Values represent means + SE;

Biochemistry. Author manuscript; available in PMC 2014 June 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Broniowska et al.

n=3to4.*p<0.05compared to control, ** p < 0.05 compared to samples without
Deta/NO.
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