Cell. Mol. Life Sci. 64 (2007) 96-103
1420-682X/07/010096-8

DOI 10.1007/s00018-006-6374-2

© Birkhduser Verlag, Basel, 2007

Research Article

ICeIIuIar and Molecular Life Sciences

Nitric oxide synthase reduces nitrite to NO under anoxia

A. F.Vanin®", L. M. Bevers¢, A. Slama-Schwok ¢ and E. E. van Faassen®" *

2Faculty of Science, Department of Interface Physics, Utrecht University, 3508 TA Utrecht (The Netherlands),

Fax: +31 30 254 3165, e-mail: faassen@phys.uu.nl

®Semenov Institute of Chemical Physics, Russian Academy of Sciences, Moscow (Russia)
¢Department of Nephrology and Hypertension, University Medical Center, Utrecht (The Netherlands)
dLaboratory for Optics and Biosciences, Ecole Polytechnique, Palaiseau (France)

Received 20 August 2006; received after revision 21 September 2006; accepted 8 November 2006

Online First 8 December 2006

Abstract. Cultured bEND.3 endothelial cells show a
marked increase in NO production when subjected to an-
oxia, even though the normal arginine pathway of NO
formation is blocked due to absence of oxygen. The rate
of anoxic NO production exceeds basal unstimulated NO
synthesis in normoxic cells. The anoxic release of NO
is mediated by endothelial nitric oxide synthase (eNOS),
can be abolished by inhibitors of NOS and is accompa-

nied by consumption of intracellular nitrite. The anoxic
NO release is unaffected by the xanthine oxidase inhibi-
tor oxypurinol. The phenomenon is attributed to anoxic
reduction of intracellular nitrite by eNOS, and its magni-
tude and duration suggests that the nitrite reductase activ-
ity of eNOS is relevant for fast NO delivery in hypoxic
vascular tissues.
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Introduction

Nitrite has recognized beneficial effects when living tis-
sue is subjected to conditions of low oxygen tension as
may arise in ischemia, hypoxia or anoxia [1-3], but the
mechanism of this phenomenon has remained controver-
sial so far. Nitrite anions (NO,") are metastable interme-
diates in the oxidation cascade [4], leading from nitric
oxide radicals to the stable metabolite nitrate (NO;).
Nitrite levels in the vasculature are clearly positively cor-
related with endothelial NO synthase (eNOS) activity
[5-8]. Typical nitrite levels [1, 4, 5, 9] are 0.1-1.0 uM in
plasma, 0.5-2.0 uM in normoxic tissues with still higher
levels of up to 20 uM reported [9, 10] in vascular tissues.
Interestingly, the nitrite concentrations in oxygen-rich ar-
terial blood were found to be higher than in venous blood
[5, 11]. This arterial-venous gradient was interpreted as
a manifestation of nitrite delivery to the perivascular tis-
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sues, and it was suggested that nitrite actually plays an
active physiological role in control of the vascular flow.
However, infusion studies did not show vasodilatory ca-
pacity of nitrite as such in humans under normoxia [8].
Rather, low oxygen tension seemed a crucial aspect of in
vivo studies of vasodilation with direct infusion of nitrite
[6, 12].

The undisputed beneficial effects of nitrite under isch-
emia are attributed to the reduction of nitrite back to NO,
but the dominant mechanism for this reduction has been
controversial. Direct uncatalyzed reduction is very slow
[13] except at extreme acidic conditions as may arise in
the stomach [14, 15], urine [16] or ischemic tissue [17,
18]. Therefore, enzymatic mediators for this nitrite reduc-
tion have been proposed. Dedicated nitrite reductases are
known in bacteria but are lacking in mammals. However,
certain mammalian enzymes show some nitrite reductase
capacity supplementary to their normal physiological
function. Examples are glutathione-S-transferase [19],
xanthine oxido-reductase (XOR) [20-22], deoxy-hemo-
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globin [1, 5, 23, 24] and cytochrome P,5, [25]. Finally, ni-
trite reductase activity has been reported for mammalian
mitochondria. Mitochondrial cytochrome ¢ oxidase may
release NO under hypoxia [26], and another mechanism
has been reported [27] involving ubiquinol and complex
III of the respiratory chain. Although these various reac-
tion pathways have been documented, their physiologi-
cal relevance remains invalidated in vivo. Not all of them
necessarily release NO in the form of a free radical. For
example, the vasodilation activity of nitrite and deoxy-
hemoglobin was reported [5, 24] to be mediated by pro-
tein bound S-nitrosothiols.

Recently, we reported that eNOS has the capacity to re-
duce nitrite to NO under anoxia in vitro [28]. eNOS is
the endothelial enzyme that catalyzes the synthesis of
NO from L-arginine via an oxygen-consuming pathway.
Since the conventional arginine pathway is blocked un-
der conditions of low oxygen tension [29], we proposed
that the newly discovered anoxic nitrite reductase path-
way of eNOS might provide a significant alternative
source of NO for tissues under acute hypoxia. In this
work we demonstrate that the absence of oxygen causes
a significant enhancement rather than a suppression of
the NO release from endothelial cell cultures. The re-
lease of NO is enzymatically catalyzed by NOS, is ac-
companied by consumption of intracellular nitrite; and
may be modulated by exogenous membrane-penetrating
agents.

Materials and methods

Diethyldithiocarbamate (DETC) was purchased from
Sigma (St Louis, USA), ferrous sulfate from Fluka (Bu-
chs, Switzerland), cell culture materials from Life Tech-
nologies (Burlington, ON, Canada). The Ca-ionophore
A23187 (Cal), N,nitro-L-arginine (NLA) and N,-nitro-
L-arginine-methyl ester (L-NAME) were from Sigma.
Oxypurinol and the heme-inhibitor imidazole were
from Sigma. The argon was purchased as compressed
gas (product no. 14302, with purity >99.998% and [O,]
<3 ppb) from Air Products (Amsterdam, The Nether-
lands) and used without further processing.

The line of immortalized murine microvascular brain
endothelial (bEND.3) cells [30] was kindly provided by
Dr. Alan Schwartz (University of Washington, St. Louis,
MO, USA). This cell line has high expression of eNOS
but does not express inducible or neuronal NOS isoforms
[31]. The cells were cultivated to confluence in 75 cm?
flasks at 37 °C under a controlled atmosphere containing
5% CO, and 20% O,. The DMEM growth medium con-
tained 10% fetal calf serum, 2 mM L-glutamine, 10 [U/
ml penicillin and 100 pg/l streptomycin. At confluence,
the bottom of the flask was covered by a cellular mono-
layer consisting of ~7.5£0.5 % 10% endothelial cells.
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Confluence and cell count are important parameters for
NO synthesis [32] and were always verified by optical
inspection via a stereomicroscope.

NO trapping in the cell cultures was initiated by replacing
the medium with 10 ml fresh DMEM of 37 °C containing
2.5 mM DETC and adding ferrous sulfate (10 uM final).
It should be noted that no stimulus for NO production
was given to the cell cultures, so that the trapping ex-
periment detected the basal NO production in the conflu-
ent endothelial cells. The trapping proceeded either in a
normoxic atmosphere with 5% CO, and 20% O, or in an
anoxic argon atmosphere.

Anoxia was initiated by replacing the medium with ar-
gon-bubbled DMEM of 37 °C containing 2.5 mM DETC,
adding 10 uM ferrous sulfate and flushing the flask with
argon before closing it with an airtight top. It was verified
that flushing with argon did not change the temperature
of the medium significantly. No chemical stimulus for
NO production was administered. After 20 min of NO
trapping at 37 °C, the flask was placed on ice for 2 min
to terminate the enzymatic activity. Keeping the flask on
ice throughout, the flask was opened, the cells scraped
loose and harvested in ~4 ml of the incubation medium.
The cellular fraction with the Fe-DETC complexes was
separated by ultracentrifugation (1500 rpm for 10 min at
4 °C), resuspended in 350 ml incubation medium, pipet-
ted into a syringe (id 4.8 mm) and snap frozen in liquid
nitrogen until the frozen column was assayed with elec-
tron paramagnetic resonance (EPR).

The supplements were administered by preincubation at
37 °C in an atmosphere with 5% CO, and 20% O, for
a certain time before the start of NO trapping. The pre-
incubation times varied with supplement: preincubation
with supplements like NLA, oxypurinol and nitrite was
20 min. The general heme inhibitor imidazole was ad-
ministered only 1 min prior to initialization of NO trap-
ping. Preincubation with L-NAME was for 2 or 20 min.
All supplements were also present throughout the time
of trapping.

EPR spectra were recorded at 77 K on a modified X-band
ESP 300 radiospectrometer (Bruker BioSpin, Karlsruhe,
Germany) operating near 9.54 GHz with 20 mW power.
The frozen samples were placed in a quartz liquid fin-
ger dewar at the center of a Bruker ER4103TM cavity.
The magnetic field was modulated at 100 kHz with an
amplitude of 0.5 mT. The lock-in detector operated with
gain 2 x 10%, time constant and ADC conversion time
82 ms. Four scans were accumulated to reduce instru-
mental noise. The yields of NO-Fe*-DETC complexes
in cell cultures were quantified by comparing the spin
densities with frozen reference solutions of paramagnetic
NO-Fe**-(MGD), in PBS buffer.

Intracellular nitrite concentrations were determined with
the nitrite colorimetric Griess reagent (Cayman Chemi-
cal, ITK diagnostics, Uithoorn, The Netherlands) on
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0.5 ml cell lysate containing the cellular fraction of a
single 75-cm? flask with 7.5 X 10¢ endothelial cells. The
detection limit of this assay was ~0.2 uM nitrite in 0.5 ml
lysate. This corresponds to a total quantity of ~100 pmol
intracellular nitrite.

Cell viability after anoxia was verified by microscopic
counting of dead cells after trypan blue staining of the
cell culture. The staining and counting were done within
15 min after readmission of ambient air.

Results

NO trapping in oxygenated or anoxic cell cultures.
Upon normoxic incubation for 20 min with 2.5 mM
DETC and 10 uM ferrous sulfate, the cellular fraction
from ~7.5% 0.5 x 10° endothelial cells had acquired a
yield of 110 £ 8 pmol paramagnetic NO-Fe?*-DETC mo-
nonitrosyl-iron complexes (MNIC) as detected by EPR.
This basal yield was obtained without any stimulus and
keeping the cells under controlled temperature and atmo-
sphere with 5% CO, and 20% O,. The yield was repro-
ducible within 10% from flask to flask and day to day. A
typical EPR spectrum (Fig. la—d) showed a clear triplet
hyperfine structure centered at g = 2.035 as expected for
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Figure 1. Electron paramagnetic resonance spectra at 77 K from
the cellular fraction of ~7.5 = 0.5 x 10¢ endothelial cells after NO
trapping at 37 °C with iron-dithiocarbamate complexes. The trip-
let near g =2.035 is identified as the mononitrosyl-iron complex
(MNIC) adduct. The absorption line near g =2.01 is the most in-
tense hyperfine line of paramagnetic Cu?*-diethyldithiocarbamate
(DETC) complexes. (a) Under a controlled atmosphere contain-
ing 5% CO, and 20% O,, 110 pmol MNIC formed in 20 min; (b)
~25 pmol MNIC formed in 20 min under the controlled atmosphere
after preincubation with 5 uM NOS inhibitor NLA; (¢) 160 pmol
MNIC formed after 20 min anoxia. (d) Approximately 33 pmol
MNIC formed during 20 min of anoxia after preincubation with
5 uM NOS inhibitor NLA.
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MNIC. As expected for biological samples [33], a small
contribution from paramagnetic Cu**-DETC complexes
was superposed. The most intense central hyperfine line
of these Cu**-DETC complexes was visible near g = 2.01
(Fig. 1). Preincubation for 20 min with 57 uM NLA re-
duced the MNIC yield to below the detection limit of
~10 pmol at the given spectrometer settings. At 5 uM
NLA, a small yield of ~25 £ 2 pmol MNIC was detected
(Fig. 1b).

This basal unstimulated yield of 110 £ 8 pmol compares
favorably with a total MNIC yield of 400 & 30 pmol as
obtained when the cellular NOS production was stimu-
lated by administration of 5 uM Cal A23187.

When anoxia was applied to the cells by argon, MNIC
yields increased significantly over basal normoxic
yields. In the absence of inhibitors, the anoxic yield
from ~7.5%0.5 % 10% endothelial cells increased to
~160 £ 10 pmol MNIC. These anoxic yields were typi-
cally ~50% higher than basal in the presence of oxygen
(Fig. 1¢).

The degree of anoxia was verified electrochemically
by mounting a Clark type oxygen electrode in a 75-cm?
culture flask. The electrode current at zero oxygen was
calibrated at 37 °C by loading the flask with 10 ml borax
(10 mM) and adding 100 mg sodium sulfite to remove
the oxygen. The imposition of anoxia as described above
was tested five times for the flask containing 10 ml me-
dium. The imposition of anoxia consistently reduced the
oxygen levels inside the medium to below the detection
limit for dioxygen of ~2 uM.

In all cases considered (with and without oxygen, with
and without supplements), the supernatant liquids were
free of any EPR signals from MNIC or Cu?**-DETC, at-
testing to the complete recovery of the paramagnetic
complexes by separation of the cellular fraction via ul-
tracentrifugation.

Inhibition of anoxic NO production by preincubation
with NOS inhibitors. The MNIC yield under anoxia
was completely abolished by preincubation for 20 min
with 57 uM NLA. At 5 uM NLA, a small anoxic yield
of ~33 £2 pmol MNIC was detected (Fig. 1d), slightly
higher than observed before in the presence of oxygen.
The intensity of the EPR absorption from paramagnetic
Cu?*-DETC complexes was not affected by anoxia.
Similarly, preincubation for 20 min with 5 uM L-NAME
diminished the anoxic MNIC yield to ~85 £ 8 pmol. The
same yield of 87 pmol was obtained if the cells were
preincubated with 5 uM L-NAME for only 2 min prior
to anoxia instead of 20 min. The anoxic yields were fur-
ther reduced to 61 + 5 pmol by reinforcing L-NAME to
50 uM. Generally, the anoxic yields were ~50% higher
than the corresponding normoxic yields.

Preincubation with 10 mM of the heme-binding inhibitor
imidazole diminished both normoxic and anoxic yields
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Table 1. Yields of mononitrosyl-iron complex (MNIC) adducts (in pmol) in the cellular fractions of a single 75-cm? flask of cultured
endothelial cells. Trapping proceeded for 20 min at 37 °C. The second row gives the preincubation times 7,,. of the supplements. During
preincubation, the cells were kept at 37 °C in an atmosphere with 5% CO, and 20% O,. ‘Normoxia’ indicates yields obtained under the
atmosphere with 5% CO, and 20% O,. ‘Anoxia’ indicates yields obtained under the argon atmosphere.

NLA
(57 uM)

Basal
unstimulated

Cal (5uM) NLA
(5 uM)

L-NAME
(5 uM)

L-NAME
(50 uM)

Imidazole
(10 mM)

Oxypurinol
(100 uM)

NaNO,
(250 uM)

20 min 20 min
2542 a
33+2 a

Tinc

Normoxia
Anoxia

400 + 30
n.d.

110+ 8
160 + 10

20 min
116 £ 8
154 £ 8

20 min
n.d.
170 £ 10

1 min
85+ 10
80+ 10

2 min
51+8
61 +£8

2 min
93+10
87+ 8P

* Below EPR detection limit of ca 10 pmol. 85 + 8 pmol with 7, .= 20 min.

to ~80 pmol. In contrast, preincubation for 20 min with
100 uM xanthine oxidase inhibitor oxypurinol did not af-
fect the anoxic MNIC yields. The MNIC yields are col-
lected in Table 1.

Extracellular nitrite does not affect the NO trap-
ping yields. Alternatively, 250 uM exogenous sodium
nitrite was administered starting from 20 min prior to
NO trapping. This extracellular nitrite did not affect the
MNIC yields, either in cultures that had been kept un-
der controlled atmosphere, or in anoxic cultures. How-
ever, if these cellular fractions with exogenous nitrite
were reduced with 20 mM sodium dithionite for 10 min,
the MNIC yields were enhanced more than an order of
magnitude to ~4 nmol. This experiment proves that the
addition of 100 nmol ferrous iron per flask induces the
formation of at least 4 nmol Fe-DETC traps in the cel-
lular fraction of the culture.

Consumption of intracellular nitrite and viability of
endothelial cells after anoxia. Intracellular nitrite levels
were determined photospectrometrically by Griess color-
ation of cell lysates. The total nitrite content of a normoxic
lysatefrom7.5 £ 0.5 x 10%cellswas 1.1 + 0.2 nmolnitrite.
The imposition of anoxia was seen to deplete the intracel-
lular nitrite rapidly: After 10 min of anoxia, the quantity
of nitrite had fallen eightfold to 0.15 + 0.07 nmol. After
20 min of anoxia or longer, the intracellular nitrite had
fallen below the detection limit of our assay (~0.1 nmol).
Trypan blue staining of the cell cultures did not show any
signs of enhanced mortality of cells that had been subject
to anoxia. In all cases considered (normoxia, 10-min an-
oxia and 30-min anoxia) the percentage of dead cells was
less than 0.1%.

Kinetics of the anoxic release of free NO. Finally, the ki-
netics of MNIC formation under anoxia was studied as a
function of time (Fig. 2). The MNIC yield showed an ap-
proximately linear increase with time up to ~25-30 min
after imposition of anoxia. At later times the signal inten-
sity saturated at an asymptotic value of ~200 £ 20 pmol
MNIC. The samples could be kept at 37 °C for more than
1 h without significant loss of MNIC adducts. When fro-

200 .

100 - 7

MNIC yield (pmole)

0 T T T T T T T T T T
0 20 40 60

Time (min)
Figure 2. Kinetics of the formation of MNIC adducts in
~7.5£0.5x 10 endothelial cells. Anoxia was applied at 0 min.

The EPR detection limit is ~10 pmol MNIC, and the experimental
error ~10%.

zen in liquid nitrogen, the samples could be stored for
several months.

The pH of the supernatant DMEM medium was seen to
be affected by the imposition of anoxia. The pH of the
DMEM medium was 7.5 &+ 0.1 immediately after removal
from the controlled atmosphere with 5% CO, and 20%
O,. The pH increased to 8.4 = 0.1 by equilibration with
ambient air, attesting to the small buffering capacity of
DMEM medium with respect to the presence of CO, in
the controlled atmosphere. In contrast, the cellular super-
natants reached pH 9.2 + 0.2 after exposure to anoxia for
20 min. Under anoxia, the pH increased with time for up
to 30 min (data not shown). This rise in pH after anoxia
was unaffected by the presence of the inhibitors NLA,
L-NAME, oxypurinol and imidazole.

Discussion

The main and most prominent result from our experi-
ments is the acute and large increase of MNIC yield in
the endothelial cell cultures upon introduction of anoxia.
Two observations show that the anoxic NO is released
by eNOS: The effect of NLA and L-NAME shows that a
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NOS isoform is involved, and Western blotting has shown
that eNOS is the only isoform expressed by the bEND3
cell line [31].

The magnitude of the anoxic NO production is surpris-
ing, as the regular enzymatic pathway for NO production
from arginine is blocked due to lack of oxygen. When
discussing the physiological relevance of this new reac-
tion pathway, we should clearly distinguish between three
different regimes of oxygenation for vascular tissues:
normoxia, hypoxia and real anoxia. Normoxic blood has
a pO, ~ 80—100 Torr. As boundary between the hypoxic
and anoxic regimes, we take the oxygen concentration
below which the consumption of arginine via the nor-
mal enzymatic pathway is significantly slowed by lack
of oxygen [29]. We define (see Fig. 11 in [29]) anoxia as
[0,] <15 uM, corresponding to pO, ~ 12 Torr. Hypoxia
refers to the intermediate interval 12—80 Torr where oxy-
gen levels are sufficient to allow normal function of the
eNOS enzyme.

Enhanced NO release from cultured endothelial cells
under hypoxia has been reported before [34, 35]. The
hypoxic enhancement was attributed to up-regulation
of the arginine pathway by increases in the cytosolic
calcium levels. Under the conditions chosen in these
studies, the oxygen levels remained well above the criti-
cal level of 15 uM so that the arginine pathway was not
blocked. In our study we consider the truly anoxic re-
gime where oxygen is carefully excluded from the reac-
tion vessels, culture media and from the atmospheres
in the headspace and eNOS does not have sufficient re-
sidual oxygen for normal enzymatic function. Our study
shows that the NO release from eNOS is enhanced even
under these conditions. The eNOS starts to function as
a nitrite reductase.

Our earlier in vitro experiments [28] documented the
release of free NO from anoxic reduction of nitrite by
eNOS. The NO was detected by three independent meth-
ods (optical spectroscopy, EPR spectroscopy and NO
electrode) and isotopic labeling showed that nitrite was
the source of the NO released by the eNOS. The release
of NO was concomitant with consumption of NADPH
and nitrite, and could be abolished by preincubation with
the NOS inhibitors L-NAME and NLA. We attribute the
anoxic NO release in the endothelial cell cultures to the
same mechanism for two reasons. First, the consumption
of intracellular nitrite and second, the inhibition by spe-
cific NOS inhibitors. In the discussion of the observed ef-
fect, we postpone consideration of the chemical source of
NO and first consider the enzymatic mediator of the reac-
tion. The significant suppression of the MNIC yields by
imidazole suggests that a hemeprotein is involved in the
observed effect. The dose-dependent inhibition by NLA
and L-NAME inhibitors is specific for NOS. We did not
attempt to estimate the IC;, dosages as these depend on
the (unknown) intracellular L-arginine concentration, but
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we noted that the inhibitory doses for the anoxic pathway
were comparable with those found for the regular arginine
pathway. It suggests that, in absence of oxygen, nitro-ar-
ginine inhibitors act via direct competition with arginine
for the arginine-binding site of NOS. This is analogous
to the inhibition of the normal arginine pathway under
normoxia. The observation that the MNIC yield is com-
pletely abolished by the NOS inhibitors shows that NOS
is the dominant mediator in our cell cultures.

For the cultured endothelial cells considered here, the
XOR enzyme was ruled out explicitly as a significant
source of NO under hypoxia. Although this flavoenzyme
is expressed in endothelial cells and has proven nitrite re-
ductase activity in vitro under anoxic conditions [20-22],
the anoxic NO yields in our cell cultures were not af-
fected by addition of the XOR inhibitor oxypurinol.
Alternative non-enzymatic reaction pathways should be
considered as well. Intracellular acidification may arise
under anoxia [18]. In our assay, acidification did not re-
lease significant quantities of NO from intracellular nitrite
since the observed NO release was completely cancelled
by the specific NOS inhibitors NLA and L-NAME.
Next, the chemical source of the NO should be consid-
ered. Five possible sources come to mind: intracellular
nitrite, extracellular nitrite, nitrate, arginine and endog-
enous S-nitrosothiols. Extracellular nitrite is ruled out
as the source of anoxic NO since the yield did not in-
crease upon administration of massive 250 uM extracel-
lular nitrite prior to anoxia. It is likely that the timescale
for equilibration of intra- and extracellular nitrite is long
compared to our experiments since nitrite anions do
not spontaneously cross the membrane barrier, and ni-
trite has a low degree of protonation at physiological pH
(pK,=3.2). Reduction of nitrate in vitro requires strong
reductors or catalyzing heavy metal ions that were lack-
ing in our assay. Alternatively, hypoxic reduction of ni-
trate to nitrite and subsequently to NO by XOR [22] was
ruled out because the formation of MNIC adducts was
not affected by the presence of oxypurinol.

Arginine can also be ruled out as a direct source, since
arginine oxidation requires the presence of dioxygen. Al-
though some residual spurious oxygen may still be pres-
ent in our system just after the imposition of anoxia, it is
unimaginable that the arginine pathway remains active for
up to 30 min, let alone enhances its activity by 50%. From
the literature [29], it is known that the NO production via
the arginine pathway collapses for dioxygen concentra-
tions below 15 uM. We verified that the oxygen levels in
our assay had fallen far below this critical threshold.

In vitro studies have shown that S-nitrosothiols may re-
lease free NO in the presence of reduced transition metal
ions and may even directly nitrosylate iron complexes
like the Fe-DETC traps used in this work. However, in-
tracellular nitrosothiols can be ruled out as the source
of NO since the anoxic NO burst could be suppressed
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by NOS inhibitors. Since observed NO yields did not
depend on extracellular nitrite levels, only intracellular
nitrite remains as a plausible source of the NO released
under hypoxia. Our previous data [26] have shown that
eNOS is capable of nitrite reduction under hypoxia in
vitro, and the Griess assay has confirmed the consump-
tion of intracellular nitrite under anoxia. For a single flask
with 7.5 x 106 cells we estimate a total intracellular vol-
ume of ~50 pl. (A confluent monolayer of bEND.3 cells
is ~10 um thick and covers ~70 £+ 10% of the area of the
75-cm? culture flask. Therefore, the combined volume of
all cells in a flask is estimated at 0.7 x 10 um X 75 cm?,
=52 + 7 ul.) The Griess assay showed that this volume
contained a total of ~1.1 nmol nitrite. This allows us to
estimate the basal intracellular nitrite concentration as
~22 uM, a reasonable value in agreement with nitrite
concentrations found in aortic tissues [9, 10].

The kinetics of anoxic NO release (Fig. 2) showed that
the MNIC yield increased with time for up to about 25—
30 min. The formation rate was ~160 pmol/20 min, i.e.
8 pmol MNIC/min. At any given time, the MNIC levels
are a balance between formation and decay of NO-Fe*'-
DETC. Under our conditions, the decay of MNIC was
negligible since these adducts were stable at 37 °C on a
time scale of 1 h. Therefore, the kinetics of MNIC forma-
tion suggests that NO was released at a fairly constant rate
for about 30 min, after which the release ceased. After
30 min, a total of ~200 pmol had been trapped by the Fe-
DETC complexes, but the total NO production must have
been higher since some NO will be bound in the form
of EPR-silent diamagnetic NO-Fe**-DETC complexes
[36], and some will be lost via other reaction pathways.
The total anoxic NO release in a 75-cm? flask should be
around 20-50 pmol NO/min. (EPR spectroscopy shows
that the anoxic cell cultures form paramagnetic NO-Fe?*-
DETC complexes with a rate of 160 pmol/20 min, i.e.
8 pmol/min. The actual rate of NO formation is signifi-
cantly higher: NO radicals may form ferric and ferrous
mononitrosyl complexes with Fe-DETC traps. Only the
ferrous fraction is paramagnetic and observed with EPR
spectroscopy, whereas the ferric fraction remains unob-
served in a standard trapping experiment. In biological
systems, the fraction of ferric nitrosyl complexes is usu-
ally dominant. In [36] we have shown that the sum of
ferric and ferrous nitrosyl adducts in bEND.3 cultures is
four- to fivefold larger than the ferrous yield as observed
in a standard EPR experiment as used in this work. Addi-
tionally, a small quantity of NO will have been lost to am-
bient atmosphere or reaction channels other than trapping
by Fe-DETC complexes.) With the intracellular volume
of ~50 ul (see above), this is equivalent to 0.4—1.0 pmol
NO/min/mg endothelial cells. Under normoxic unstimu-
lated conditions, we observed formation of MNIC at a
rate of ~110 pmol/20 min (~5 pmol/min) corresponding
to a release of 0.25-0.6 pmol NO/min/mg endothelial
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cells. This rough estimate is in reasonable agreement with
estimates of 0.8 pmol NO/min/mg endothelial cells as a
basal yield in humans [4, 37].

After ~30 min, the MNIC yield became stationary at
~200 pmol per flask. This yield is far smaller than the 4-
nmol traps present in a flask and proves that only a small
fraction of traps actually binds NO under the conditions
used. Since enough Fe-DETC traps remain available,
the observed saturation of the MNIC yield proves that
the formation of NO under anoxia really ceases after
~30 min. The reason for this cessation should be con-
sidered. First, 30 min of anoxia might cause irreversible
damage to the cells and changes in the chemical compo-
sition of the interior compartment. Endothelial cells re-
act to oxygen deficiency by release of hypoxia-inducible
factors (HIFs) [38] that initiate the transcription of a wide
range of genes and vascular endothelial growth factors
(VEGFs) [39] for neovascularization and homeostasis.
Irreversible ischemic damage has been well documented
for vascular tissues and endothelial cells in particular,
and is manifest from the massive apoptosis observed in
the first 12 h following reoxygenation [40, 41]. Our ex-
periments here are concerned with much shorter time
scales of up to 1 h. We observed that imposition of up
to 30 min of anoxia did not enhance cell death, as de-
termined by staining with trypan blue immediately after
the reoxygenation. Alternatively, hemeproteins, includ-
ing eNOS itself, are potential targets for inhibition by
free NO through nitrosylation of the heme moiety [29].
Such self-poisoning of eNOS was previously observed
by us [28] in experiments in vitro with anoxic reduction
of nitrite. In our trapping experiments described here,
however, significant nitrosylation of the heme of eNOS
is unlikely since the abundance of Fe-DETC traps acts as
an efficient NO sink and should keep the concentration
of free NO radicals at a low value. The third, and in our
opinion most plausible, explanation is depletion of the
intracellular nitrite. The Griess assay showed that con-
fluent cells in a oxygenated 75-cm? flask contain a total
intracellular nitrite pool of ~1.1 nmol nitrite, and that
this quantity is consumed after imposition of hypoxia.
The magnitude of the anoxic NO release (20—50 pmol/
min) suggests that nitrite should indeed be depleted af-
ter some 20—50 min of anoxia. These estimates make it
plausible that nitrite depletion is the reason that MNIC
yields become stationary after ~30 min of anoxia. We
did not further investigate the reason for the saturation
behavior since we expect that 30 min of anoxia cause
many changes inside the cells, thereby making their
physiology less and less representative for actual tissue
endothelium as time proceeds. Instead, the magnitude
of the anoxic NO release and, in particular, its extended
duration indicate that the nitrite reductase capacity of
eNOS be a remarkably robust reaction mechanism in
endothelial cells.
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In conclusion, our previous work has shown that eNOS
may release NO from nitrite under anoxia. Significantly,
the NO was released as a freely diffusing radical. Here,
the work was extended to study the magnitude and du-
ration of the NO release from cultured endothelial cells
under anoxia. The anoxic release of NO exceeded basal
NO production and showed concomitant depletion of the
intracellular nitrite stores. Significantly, magnitude of
the anoxic release was intermediate between basal and
that seen with stimulation with Cal. Therefore, it falls in
the dynamic range of normoxic physiological regulation,
and does not reach the cytotoxic levels as encountered
in, say, inflammation, rejection of tissue transplants or
septic shock. The benign magnitude and duration of the
release suggest that the eNOS-mediated nitrite reduction
have physiological relevance for NO levels near the endo-
thelium under acute hypoxia.
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