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Relative sensitivity of soluble guanylate cyclase and mitochondrial
respiration to endogenous nitric oxide at physiological
oxygen concentration
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Nitric oxide (NO) is a widespread biological messenger that has
many physiological and pathophysiological roles. Most of the
physiological actions of NO are mediated through the activation of
sGC (soluble guanylate cyclase) and the subsequent production
of cGMP. NO also binds to the binuclear centre of COX (cyto-
chrome c oxidase) and inhibits mitochondrial respiration in com-
petition with oxygen and in a reversible manner. Although sGC is
more sensitive to endogenous NO than COX at atmospheric oxy-
gen tension, the more relevant question is which enzyme is more
sensitive at physiological oxygen concentration. Using a system
in which NO is generated inside the cells in a finely controlled
manner, we determined cGMP accumulation by immunoassay
and mitochondrial oxygen consumption by high-resolution
respirometry at 30 µM oxygen. In the present paper, we report that

the NO EC50 of sGC was approx. 2.9 nM, whereas that required
to achieve IC50 of respiration was 141 nM (the basal oxygen
consumption in the absence of NO was 14 +− 0.8 pmol of O2/s
per 106 cells). In accordance with this, the NO–cGMP signalling
transduction pathway was activated at lower NO concentrations
than the AMPKs (AMP-activated protein kinase) pathway. We
conclude that sGC is approx. 50-fold more sensitive than cellular
respiration to endogenous NO under our experimental conditions.
The implications of these results for cell physiology are
discussed.
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INTRODUCTION

NO (nitric oxide) is produced in cells by the enzyme NOS (NO
synthase) from L-arginine, O2 and NADPH. Three isoforms
of NOS are well characterized and referred to as nNOS (neuronal
NOS; NOS-1), iNOS (inducible NOS; NOS-2) and eNOS (en-
dothelial NOS; NOS-3). An mtNOS (mitochondrial isoform) has
also been described, although its nature is controversial [1]. NO
exerts a broad spectrum of functions in several systems, includ-
ing the cardiovascular system, the central and peripheral nervous
systems and the immune system. Two main cellular targets of NO
have been clearly established. NO binds to the haem prosthetic
group of sGC (soluble guanylate cyclase), stimulating the produc-
tion of cGMP from GTP [2–5]. Through the binding to sGC,
NO mediates many physiological effects such as smooth-muscle
relaxation, inhibition of platelet aggregation and neurotransmis-
sion [6]. More recently, NO has also been shown to bind to
and inhibit COX (cytochrome c oxidase) [7–11], the terminal
enzyme of the mitochondrial electron-transport chain, which is
responsible for almost all cellular O2 consumption. The inhibition
is reversible and occurs in competition with O2. NO-mediated
inhibition of O2 consumption has been reported in isolated COX
[7], mitochondria [8,12,13], brain nerve terminals [7] and cultured
cells [14,15]. High concentrations of NO have been shown to
cause irreversible decreases in the affinity of COX for O2 [16].
The inhibition of respiration by NO could have pathological
repercussions by limiting ATP production, but may also have

a physiological function in controlling the rate of cellular O2

consumption and modulating the production of reactive O2 species
by the respiratory chain [17].

The relative potency of NO towards these targets is a matter of
debate. The EC50 of NO for sGC has been determined at 250 nM
[18], 690 nM [19] or 1.6 µM [20] for the purified enzyme and
47 nM [21], 20 nM [22] or 2 nM [23] in cerebellar cells. The IC50

of NO on respiration at physiological O2 concentration has been
reported as 60 nM in brain synaptosomes [7] and 11 nM in isolated
brown adipose tissue mitochondria [13]. A major limitation of
this kind of study is the difficulty in maintaining a constant
NO supply for extended periods. Moreover, NO donors such
as DETA (diethylenetriamine)-NO or SNAP (S-nitroso-N-acetyl-
DL-penicillamine) are usually used as the NO source, despite
their known limitations. More recently, it has been reported that
sGC is significantly more sensitive to being activated by NO
than COX is to being inhibited [24]. In that study, the EC50 of
NO for sGC was 3.9 nM as determined in the purified enzyme,
whereas the IC50 of NO for cellular respiration was determined as
120 nM in cerebellar cells at 30 µM O2. The source of NO used
was DETA-NO and its concentration was kept constant by an
ingenious system in which NO was continuously delivered by the
donor and consumed by oxyHb (oxyhaemoglobin). However, it is
not clear which enzyme is more sensitive to NO at physiological
O2 tension when NO is produced inside the cells.

The purpose of the present study was to determine the
relative sensitivity of the two main targets of NO in cells,
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sGC and mitochondrial respiration, to endogenous NO at
physiological O2 tension (30 µM). To overcome difficulties
associated with the use of NO donors to generate NO, we
used a HEK-293 (human embryonic kidney) cell line transfected
with the iNOS gene under a tetracycline-inducible promoter
[25]. By adding tetracycline to the incubation medium we
were able to induce iNOS expression to different levels and
thus to produce NO at controlled levels for extended periods.
Using this system we have monitored NO generation with
electrochemical NO electrodes and the cGMP production by
immunoassay inside hypoxic chambers to maintain a constant
O2 tension of 30 µM. We have also measured NO-mediated
inhibition of respiration by high-resolution respirometry. Because
the inhibition of COX by NO depends on the O2 ten-
sion, we measured respiration inhibition at physiological O2

concentration (30 µM). Finally, we have compared the NO-
sensitivities of the PKG (protein kinase G; also known as cGMP-
dependent protein kinase) and AMPK (AMP-activated protein
kinase) signal transduction pathways. Our results show that the
EC50 of NO for sGC is approx. 50-times lower than the IC50 of NO
on cellular respiration at 30 µM O2. We also show that the NO–
cGMP signalling pathway is activated at lower NO concentrations
than the AMPK pathway. We conclude that sGC is a more sensitive
target of endogenous NO than cellular respiration at physiological
O2 concentration.

EXPERIMENTAL

Cell culture and reagents

Tetracycline-inducible HEK-293 cells stably expressing human
iNOS [Tet-iNOS 293 (tetracycline-inducible iNOS-expressing
HEK-293 cells)] were generated as described elsewhere [25].
Cells were cultured in DMEM (Dulbecco’s modified Eagle’s me-
dium; Gibco, Invitrogen, Barcelona, Spain) containing 4.5 g/l D-
glucose, 10% (v/v) foetal calf serum, 200 µg/ml hygromycin B
and 15 µg/ml blasticidin, in the dark at 37 ◦C in a humidified
atmosphere with 5 % CO2. S-EITU (S-ethylisothiourea) hydro-
bromide, L-arginine, 8-Br-cGMP (8-bromoguanosine 3′,5′-cyclo-
monophosphate sodium salt), ODQ (1H-[1,2,4]oxadiazolo[4,3-
a]-6-bromoquinoxazin-1-one), IBMX (isobutylmethylxanthine)
and DEA NONOate [diethylamine NONOate (diazeniumdiolate)
diethylammonium salt] were from Sigma–Aldrich (St. Louis,
MO, U.S.A.). Hygromycin B and blasticidin were from
Invitrogen. Tetracycline was from Calbiochem (Darmstadt,
Germany).

Induction of endogenous NO production

iNOS expression was induced by overnight incubation of cells in
complete growth medium (without selection antibiotics) contain-
ing tetracycline (2–1000 ng/ml) and 500 µM S-EITU, a potent
inhibitor of iNOS activity. Cells were washed with L-arginine-free
DMEM (Invitrogen) supplemented with 1% foetal calf serum
dialysed to avoid any traces of L-arginine that could trigger
undesired NO production. Cells were incubated in L-arginine-free
medium for 1 h to completely eliminate S-EITU and tetracycline
without activating NO production. Cells were trypsinized and
resuspended at 1 × 107 cells/ml in HBSS (Hanks balanced salt
solution) containing 25 mM Hepes. Endogenous NO production
was triggered by adding 1 mM L-arginine (see below).

Immunoblot analysis of iNOS, VASP (vasodilator-stimulated
phosphoprotein) and phospho-AMPK

Total protein extracts were prepared as follows: for iNOS analysis,
attached cells were harvested by trypsinization and resuspended

in HBSS at 1 × 107 cells/ml. For VASP and phospho-AMPK
analysis, attached cells were scraped off in 1.5 ml of ice-cold
PBS freshly supplemented with phosphatase inhibitors [6 mM
NaF, 10 mM 2-glycerophosphate, 10 mM PNPP (p-nitrophenyl
phosphate) and 1 mM NaVO3] and a protease inhibitor cocktail
(Roche Diagnostics, Barcelona, Spain). Cells were centrifuged at
300 g for 5 min at 4 ◦C and the pellet was resuspended in 60 µl of
ice-cold lysis buffer [20 mM Hepes, pH 7.5, 400 mM NaCl, 20%
(v/v) glycerol, 0.1 mM EDTA, 10 mM NaF, 10 µM Na2MoO4,
1 mM NaVO3, 10 mM PNPP and 10 mM 2-glycerophosphate]
supplemented with 1 mM dithiothreitol, 1 mM Pefablock®

(pH 7.4) and a tablet of protease inhibitor cocktail. Cells were
lysed on ice for 15 min, and cleared whole-cell extracts
were obtained by recovering the supernatant after centrifugation
(16000 g for 15 min at 4 ◦C). After protein determination (see
below), an equal amount of each protein sample (200 µg for
iNOS and 120 µg for VASP and phospho-AMPK) was resolved
by SDS/7.5% (w/v) PAGE and transferred on to nitrocellulose
membranes (Amersham Biosciences, Little Chalfont, Bucks.,
U.K.) by using standard procedures [26]. Thereafter, membranes
were blocked with 5% (w/v) non-fat dried milk in TBS-T
(20 mM Tris/HCl, pH 7.2, 150 mM NaCl and 0.1% Tween 20)
and incubated overnight with a polyclonal antibody against
iNOS (1:2000; Transduction Laboratories, BD Biosciences,
Erembodegem, Belgium), a polyclonal antibody against human
VASP (1:1000; Calbiochem, San Diego, CA, U.S.A.), a
polyclonal anti-phospho-AMPKα (Thr172) antibody (1:1000; Cell
Signaling Technology, Beverly, MA, U.S.A.) or a monoclonal
anti-actin antibody (1:10000; Sigma–Aldrich) in blocking
solution at 4 ◦C. Protein bands were detected by incubation
for 1 h with horseradish peroxidase-coupled goat anti-rabbit
IgG (1:5000; Vector Laboratories, Burlingame, CA, U.S.A.) or
goat anti-mouse IgG (1:2500; Santa Cruz Biotechnology, Santa
Cruz, CA, U.S.A.) in blocking solution at room temperature,
followed by enhanced chemiluminescence (ECL®; Amersham
Biosciences).

Quantification of NO

Endogenous NO production was determined in cells suspended at
1 × 107 cells/ml in HBSS containing 25 mM Hepes. Measure-
ments were taken with an NO electrode (ISO-NOP; World
Precision Instruments, Stevenage, Herts., U.K.) in 1 ml of cell
suspension in gas-tight chambers gently agitated and kept at
37 ◦C. The NO electrode was calibrated by addition of known
concentrations of NaNO2 under reducing conditions (KI/H2SO4)
at 37 ◦C. Calibrations were performed at low O2 tension (30 µM)
to take account of the impact of the autoxidation reaction of
NO. To initiate NO production, 1 mM L-arginine was added to
the chamber at 30 µM O2 measured with an oxygen electrode
(Hansatech, King’s Lynn, Norfolk, U.K.). The oxygen electrode
was calibrated with air-saturated incubation medium at 37 ◦C,
assuming an atmospheric O2 concentration of 200 µM. NO
production was monitored for at least 10 min after the addition of
L-arginine.

Measurement of oxygen consumption

O2 consumption at physiological tissue O2 concentration
(30 µM) was determined by high-resolution respirometry using
an Oroboros Oxygraph-2k instrument. Cells were trypsinized
after overnight treatment with tetracycline and resuspended
at 1 × 107 cells/ml in HBSS containing 25 mM Hepes. The
instrumental background flux was calculated as a linear function
of O2 concentration and the experimental data were corrected
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for the whole range of O2 concentrations using DatLab
software (Oroboros Instruments). The O2 concentration in the
culture medium at air saturation at 37 ◦C and local barometric
pressure (92.6 kPa) was 175.7 µM (O2 solubility factor 0.92).
Measurements were taken at 37 ◦C in parallel Oxygraph-2k
chambers for cells treated with the same amount of tetracycline;
NO production was initiated in one chamber by the addition of
L-arginine (1 mM). Because light has been reported to reverse
the inhibition of respiration induced by NO [27], all experiments
were performed in the absence of direct light. NO was quenched
by the addition of oxyHb to study the reversibility of respiration
inhibition.

Measurement of cGMP

For the measurement of cGMP, cells were plated on to six-well
plates at 1.5 × 106 cells/well. After reaching confluence, cells
were incubated with tetracycline overnight to induce iNOS ex-
pression as described above. Plates were transferred to hypoxic
chambers (Coy Laboratory Products, Grass Lake, MI, U.S.A.)
at 37 ◦C and set at an O2 concentration of 30 or 15 µM. The
medium was replaced with HBSS supplemented with 1 mM L-
arginine to initiate NO production, and incubations were carried
out for different periods up to 5 min. Afterwards, 0.1 M HCl was
added for 30 min to stop endogenous PDE (phosphodiesterase)
activity and to lyse the cells. Lysates were scraped off the plates
and centrifuged at 1200 g for 5 min at room temperature, and the
supernatant was used directly in the assay. cGMP was measured
by immunoassay using the cGMP EIA Kit for Cell and Tissue
Lysates (Biomol, Exeter, U.K.) according to the manufacturer’s
instructions. Protein concentration was determined in the same
supernatants used to quantify cGMP.

Protein measurement

Protein concentration was measured with the BCA (bicinchoninic
acid) protein assay kit (Pierce; from Perbio Science, Tattenhall,
Cheshire, U.K.) using BSA as the standard.

RESULTS AND DISCUSSION

Production of endogenous NO by Tet-iNOS 293 cells

Overnight incubation of cells with a range of concentrations
of tetracycline (2–1000 ng/ml) led to a concentration-dependent
expression of iNOS protein as determined by Western blotting
(Figure 1a). The addition to the cells of the iNOS substrate L-
arginine (1 mM) at 30 µM O2 immediately triggered NO produc-
tion (Figure 1b). The quantity of NO produced was dependent on
the amount of iNOS expressed and remained constant for at least
10 min. The highest NO concentration obtained, at the greatest
expression of iNOS, was 1.2 +− 0.1 µM (n = 3). NO concentration
returned to basal after the addition of oxyHb (Figure 5d). The
relationship between tetracycline concentration and the maximum
value of endogenous NO production at peak time is shown in Fig-
ure 1(c). The NO concentrations produced by our cells are within
the reported physiological range, which appears to be between
1 nM and 1 µM, depending on the tissue and conditions [28].
Moreover, many cell types will express iNOS and produce high
levels of NO when activated by inflammatory mediators, for
example endotoxin and interferon γ . Indeed, activated astrocytes
accumulate up to 1 µM NO in the medium, with cellular O2 con-
sumption approximately half that of control cells [15]. In the ab-
sence of L-arginine, iNOS is able to produce superoxide mainly at
the flavin-binding sites of the reductase domain [29], although
at lower levels than the neuronal isoenzyme [30].

Figure 1 Expression of iNOS and production of endogenous NO

(a) Immunoblot analysis showing the expression of iNOS after overnight induction of cells with
a range of tetracycline concentrations. Immunoblot with anti-actin antibody confirmed equal
protein loading. (b) Online electrochemical detection of NO gas production in cells treated with
tetracycline. NO production was detected immediately after the addition of L-arginine (1 mM)
to the chamber of an O2 electrode containing 1 × 107 cells in suspension at 37◦C. Addition of
L-arginine was performed at 30 µM O2 and NO was monitored for at least 10 min. (c) Relation-
ship between the tetracycline concentration used to induce iNOS expression overnight and
maximal NO production after L-arginine addition at 30 µM O2. The results presented in (a, b)
are representative of results obtained in three separate experiments. Results in (c) are the means
and S.D. for at least three independent experiments.

Sensitivity of sGC to endogenous NO

sGC is a key NO receptor protein involved in NO-mediated
biological and pathological reactions. NO activates sGC, leading
to increased production of the intracellular messenger cGMP,
whose biological effects are mediated by PKGs, cGMP-regulated
ion channels and cGMP-dependent PDEs [31]. To examine the
kinetics of NO-induced sGC activation in our system, cells were
incubated with tetracycline (5 ng/ml) overnight and then induced
with L-arginine (1 mM) to produce NO for periods up to 5 min.
We chose 5 ng/ml tetracycline for the time course experiment,
despite the fact that at this concentration NO production was
below the detection limit of our electrode, because this tetracycline
concentration yielded a clear increase in cGMP production with
time. cGMP accumulation was determined by immunoassay in
hypoxic chambers at three different O2 concentrations: 200, 30
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Figure 2 Time course of endogenous NO-induced cGMP production at three
O2 concentrations

(a) Cells were treated overnight with tetracycline (5 ng/ml), and a time course of NO-activated
cGMP production was measured inside hypoxic chambers at three O2 concentrations (21,
3 and 1.5 % O2). Maximal cGMP accumulation was detected 3 min after L-arginine (1 mM)
administration. (b) Time course as in (a), but in the presence of IBMX (0.5 mM), an inhibitor of
endogenous PDEs. Values are the means and S.D. for at least three independent experiments.

and 15 µM, which correspond to 21, 3 and 1.5% O2 respectively
(Figure 2). cGMP began to accumulate immediately after L-
arginine addition, reaching a maximum at 3 min and decreasing
slightly at 5 min (Figure 2a). The NO produced upon addition
of L-arginine (Figure 1b) activates sGC to generate cGMP from
GTP. The amounts of cGMP observed reflect a balance between
cGMP production and degradation. cGMP in cells is degraded by
PDEs, which also determine the shape of the cGMP signal [32].
The activity of endogenous PDEs is different in different cell
types; for example, PDE activity is lower in cerebellar cells than
in striatal cells [33]. It has been reported that exposure of cells to
DEA NONOate for 2 min desensitizes sGC and that the degree
of desensitization is related to the cGMP concentration [22,33].
This could explain the decrease in cGMP levels observed at 5 min,
particularly considering that our standard assay medium used to
determine cGMP contains no PDE inhibitor that could lead
to artificially high cGMP levels. Addition of 0.5 mM IBMX, an
inhibitor of endogenous PDEs, increased the maximum levels
of cGMP in the cell extracts saturating our assay from 3 min
onwards, and completely preventing the decrease in cGMP at pro-
longed incubations (Figure 2b).

To study the relationship between O2 concentration and sGC
activity, we performed the experiments at three different O2 con-
centrations. The accumulation of cGMP was essentially inde-
pendent of the O2 tension, although at very low tension (1.5% O2)
a slight decrease in cGMP levels was observed (Figure 2a). Effects
of O2 tension on the expression of NOS have been extensively
studied in vitro [34,35] and in vivo [36–38]. Moreover, it has been
reported that sGC function is impaired in pulmonary arteries of
rats exposed to chronic hypoxia [39] and that hypoxia decreases
sGC expression in pulmonary artery smooth-muscle cells [40];
however, it had been previously shown that sGC expression

Figure 3 Endogenous NO-induced cGMP production at 30 µM O2

(a) Cells were treated overnight with a range of tetracycline concentrations (2–50 ng/ml), and
NO-activated cGMP production was determined 3 min after the addition of L-arginine (1 mM)
inside hypoxic chambers at 30 µM O2 in the absence and presence of ODQ (50 µM), a potent and
selective inhibitor of NO-sensitive sGC. (b) cGMP production in 10 ng/ml tetracycline-treated
cells exposed for 3 min to L-arginine (1 mM) or to L-arginine plus the activator BAY 41-2272
(10 µM) at 30 µM O2. Addition of ODQ (50 µM) or S-EITU (500 µM) during the 3 min
incubation period prevented cGMP accumulation. Values are the means +− S.D. for at least three
independent experiments.

increases in lungs from rats exposed to hypoxia [41]. In our
experiments, cells were exposed to hypoxia only after overnight
incubation with tetracycline, during the 1 h incubation in L-
arginine-free medium and the subsequent 3 min treatment with
L-arginine. We therefore believe that the slight decrease in cGMP
production at low O2 tension is not related to decreased expression
levels of the protein, but could instead reflect the fact that NOS
activity is O2-dependent and that the Km of NOS for O2 is high
[42]. Supporting this view is the fact that cGMP accumulation
at 3 and 1.5% O2 was similar in Tet-iNOS 293 cells treated
with DEA NONOate (1 µM), from which the release of NO is
O2-independent (results not shown).

To further correlate the release of NO with cGMP effects,
we conducted a time course experiment of cGMP production
triggered by DEA NONOate, which is a fast-release NO donor
(2.5 min half-life at neutral pH and 37 ◦C; Figure 4a). The NO
concentration released by 1 µM DEA NONOate in medium
containing 1 × 107 cells/ml at 37 ◦C was 268 +− 56 nM (n = 6).
At 3% O2, the pattern of cGMP production after the addition of
1 µM DEA NONOate was similar to that found with endogenous
NO produced by tetracycline-induced iNOS: a time-dependent
increase in cGMP accumulation, which was highest at 3 min and
slightly decreased at 5 min (Figure 4a). Again, in the presence of
0.5 mM IBMX, the cGMP concentration increased significantly,
saturating our assay at 3 and 5 min (Figure 4a).

To study the sensitivity of sGC to endogenous NO, cells were
incubated overnight with a range of tetracycline concentrations
(2–50 ng/ml) and then induced with L-arginine (1 mM) to produce
NO for 3 min at physiological O2 tension (30 µM; Figure 3a). The
incubation time of 3 min was selected because this coincided with
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peak cGMP accumulation in the previous experiment (Figure 2a).
cGMP production increased in a dose-dependent manner up to
a maximum value of 380 pmol/mg of protein at 10 ng/ml tetra-
cycline and then decreased to approx. 230 pmol/mg of protein
regardless of the tetracycline concentration used. Interestingly,
at high tetracycline doses (>50 ng/ml), NO activated sGC and
cGMP production, even in the absence of exogenously added L-
arginine (results not shown). The activity of endogenous iNOS
normally requires extracellular arginine, in spite of the fact that
intracellular arginine concentrations are sufficient to saturate
the enzyme. The explanation reported for this is that arginine
uptake is required to de-repress translation of iNOS [43]. In our
system, however, the tetracycline-induced iNOS expression is not
subject to this regulation, and low concentrations of intracellular
arginine are therefore able to stimulate NO synthesis when iNOS
expression is high and this, in turn, activates sGC to produce
cGMP.

The accumulation of cGMP observed after overnight incubation
of the cells with tetracycline and induction with L-arginine (1 mM)
was partially prevented by the addition to the incubation medium
(3 min incubation) of inhibitors of sGC (50 µM ODQ; Figures 3a
and 3b) and totally prevented by iNOS inhibitors (500 µM S-
EITU; Figure 3b). ODQ completely inhibited cGMP production
at low doses of tetracycline but this effect was only partial at
high tetracycline doses (Figure 3a) which is consistent with the
competitive nature of the inhibition [44]. These experiments show
that the observed increase in cGMP can be attributed to the specific
activation of sGC by NO. We used HEK-293 cells transfected
with empty vector (not containing the iNOS gene) as a negative
control. In these cells, overnight treatment with tetracycline and
addition of L-arginine did not produce any detectable accumul-
ation of cGMP (results not shown). As a positive control, BAY
41-2272 {5-cyclopropyl-2-[1-(2-fluorobenzyl)-1H-pyrazolo-
[3,4-b]pyridin-3-yl]pyrimidin-4-ylamine} (10 µM), an NO-in-
dependent but haem-dependent sGC activator [45], stimulated
cGMP production to levels that saturated our assay (>500 pmol/
mg of protein; Figure 3b). Figure 3(b) also shows that the
activation of sGC by BAY 41-2272 was partially prevented by
ODQ (50 µM). Figure 6 shows the relationship between the
concentration of NO produced endogenously and the amount of
cGMP produced by sGC at 3 min, 37 ◦C and 30 µM O2. The NO
concentration that induced EC50 of the enzyme was estimated as
2.9 nM.

To our surprise, concentrations of tetracycline above 10 ng/ml
did not yield additional increases in cGMP. To try to explain
this result, we performed a dose–response experiment of cGMP
production in cells incubated for 3 min with DEA NONOate
with or without IBMX (Figure 4b). Again, widely differing DEA
NONOate concentrations (2, 20 and 200 µM), which produce
very different amounts of NO in medium containing 1 × 107 cells/
ml at 37 ◦C (918 +− 79 nM, 9217 +− 928 nM, n = 5, and >9 µM re-
spectively) did not yield significantly different values of cGMP
accumulation at 3 min (Figure 4b). The addition of IBMX
(0.5 mM) increased cGMP to almost saturate our assay at DEA
NONOate concentrations of 2 µM and above.

In light of the DEA NONOate experiments it seems likely
that, regardless of the NO source, NO concentrations above a
certain threshold do not produce additional increases in cGMP
accumulation. In other words, sGC becomes insensitive to NO
above a particular level or time of exposure. This is supported by
the reported desensitization of sGC to DEA NONOate and the
fact that the degree of desensitization is related to the cGMP
concentration [22,33]. The combination of PDE activity and
sGC desensitization could account for the plateau observed at
tetracycline concentrations higher than 10 ng/ml.

Figure 4 DEA NONOate-induced cGMP production at 30 µM O2

(a) Time course of cGMP production in cells treated with DEA NONOate (1 µM) in the absence
or presence of IBMX (0.5 mM) at 30 µM O2. Maximal cGMP accumulation was detected at 3 min
of incubation. IBMX significantly increased the cGMP accumulation at 3 and 5 min, saturating
our assay. (b) Dose response of cGMP production induced by treatment of cells with DEA
NONOate (0.02–200 µM) for 3 min at 30 µM O2 in the absence or presence of IBMX (0.5 mM).
Values are the means +− S.D. for three independent experiments.

Sensitivity of mitochondrial respiration to endogenous NO

The mean capillary O2 concentration is approx. 30 µM and the
typical value inside cells averages 3 µM [46]. These low tissue O2

tensions do not limit mitochondrial respiration, since the affinity
of COX for O2 is very high, and so there is a very large safety mar-
gin to sustain mitochondrial oxidative phosphorylation [47,48].
Nevertheless, at these O2 tensions, NO might compete signific-
antly for COX binding, and so could inhibit respiration. NO
and other inhibitors that raise the enzyme’s Km, will decrease
the affinity of COX for O2 and thereby induce O2 limitation under
apparently normoxic conditions. Moreover, biochemical and
physiological studies suggest that Hb possesses an allosterically
regulated nitrite reductase activity that reduces nitrite to NO along
the physiological O2 gradient [49]. To study the sensitivity of
mitochondrial respiration to endogenous NO, we determined O2

concentration and O2 flux by high-resolution respirometry in Tet-
iNOS 293 cells treated with tetracycline (2–50 ng/ml; Table 1).
High-resolution respirometry provides a means to accurately
determine respiration at low O2 tension [50]. In these experiments,
L-arginine (1 mM) was added to cells at 60 µM O2. As shown in
Figure 5, in cells treated overnight with a high tetracycline dose
(50 ng/ml), cellular O2 consumption was significantly inhibited
immediately after the addition of L-arginine (Figure 5a). The
control value in the absence of NO was 14 +− 0.8 pmol of O2/s
per 106 cells. Since the inhibition of COX by NO is competitive
with O2, NO is a more effective inhibitor at low O2 tensions
and hence the degree of inhibition of respiration is dependent
on the O2 concentration. For example, in cells stimulated with
the highest tetracycline concentration used in these experiments
(50 ng/ml), the inhibition of respiration from the control value
was 49% at 50 µM O2 and 67% at 30 µM O2. The addition
of oxyHb to completely quench NO, fully re-activated cellular
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Table 1 Respiration rate at physiological O2 (30 µM) and increasing NO
concentrations

Respiration rate and NO production at 30 µM O2 in cells treated overnight with tetracycline
(2–50 ng/ml) and activated by addition of L-arginine (1 mM). Measurements of O2 concentration
and O2 flux in control and NO-producing cells (1 × 107 cells/ml) were taken in parallel
chambers of a high-resolution respirometer (Oroboros Oxygraph-2k) at 37◦C as explained
in the Experimental section. NO production was initiated by addition of L-arginine at 60 µM O2.
Values are the means +− S.D. for three independent experiments.

Respiration at 30 µM O2

Tetracycline (ng/ml) NO concentration (nM) (pmol of O2/s per 106 cells)

2 n.d.* 14.2 +− 0.17
5 n.d. 14.7 +− 0.53
10 n.d. 13.9 +− 0.38
15 14.5 +− 9.08 15.1 +− 0.50
20 52.4 +− 9.34 10.9 +− 1.80
30 318 +− 128 3.69 +− 0.05
40 576 +− 59.8 3.58 +− 0.45
50 739 +− 96.9 4.62 +− 0.16

* n.d., Not detectable.

respiration (Figure 5d), which shows that the inhibitory effect
is reversible. The lowest tetracycline concentration that had an
effect on respiration at low O2 was 20 ng/ml (Figure 5b). At
physiological O2 tension (30 µM) the concentration of NO that
caused an IC50 of cellular respiration was 141 nM (Figure 6).

We performed additional measurements of respiration and NO
in cells treated with low tetracycline concentrations (2, 5 and
10 ng/ml). For respiration measurement, L-arginine was added at
30 µM O2 instead of 60 µM; NO was not detectable in any case.

Figure 6 NO concentration–response curves of cGMP production and
inhibition of respiration at 30 µM O2

The NO concentration that induces EC50 of sGC was estimated as 2.9 nM. The IC50 value of NO
for cellular respiration was determined to be 141 nM. Values are the means +− S.D. for at least
three independent experiments.

We measured the respiration at 15 µM O2 (1.5% O2). The lack of
effect of NO produced by cells treated with 2 ng/ml tetracycline
on respiration is shown in Figure 5(c). Table 2 shows the values
of respiration at 15 µM O2 as a percentage of the value at 40 µM
(before arginine addition) in cells treated with 2, 5 and 10 ng/ml
tetracycline. The results indicate that there are no significant
differences in any case.

The rate of cellular O2 consumption is controlled by a number
of factors [51,52]. The excess capacity of COX explains the low
control coefficient of the enzyme over respiration. Therefore, a
fall in COX activity will not have a proportional effect on the

Figure 5 Inhibition of respiration induced by endogenous NO

Online recording of O2 concentration (black line) and O2 flux (grey line) determined by high-resolution respirometry in cells pre-treated overnight with (a) 50, (b) 20 or (c) 2 ng/ml tetracycline and
then stimulated by addition of L-arginine (1 mM) at an O2 concentration of 60 µM (a, b) or 30 µM (c). The low range of O2 concentrations [�40 µM (a, b) and �25 µM (c)] and the corresponding
O2 flux are shown as a function of time. (d) Online simultaneous recording of O2 concentration (black line) and NO gas production (grey line) in cells treated with tetracycline (1000 ng/ml). NO
production started right after L-arginine addition (1 mM) and immediately inhibited respiration. Addition of oxyHb quenched NO and restored the control respiration rate. The results presented in
each panel are representative of results obtained in at least three separate experiments.
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Table 2 Respiration rate at low O2 (15 µM) and low NO concentrations

Respiration rate at 15 µM O2 expressed as a percentage of respiration at 40 µM O2 (before
L-arginine addition) in cells treated with low doses of tetracycline (2, 5 and 10 ng/ml).
Measurements of O2 concentration and O2 flux in control and NO-producing cells (1 × 107 cells/
ml) were taken in parallel chambers of a high-resolution respirometer (Oroboros Oxygraph-2k)
at 37◦C as explained in the Experimental section. NO production was initiated by the addition of
L-arginine (1 mM) at 30 µM O2. Values are the means +− S.D. for three independent experiments.

Tetracycline (ng/ml) L-Arginine (1 mM) Respiration at 15 µM (% of respiration at 40 µM)

2 + 98.4 +− 1.7
– 99.8 +− 1.2

5 + 96.6 +− 3.0
– 99.7 +− 0.5

10 + 97.1 +− 0.8
– 98.2 +− 1.4

cellular O2 consumption rate. In other words, COX activity may be
partially inhibited without any effect on mitochondrial respiration,
so although low NO concentrations had no effect on the respiration
rate of our cells, an actual decrease in COX activity cannot be ruled
out. However, there is a threshold value beyond which respiration
will be inhibited. In this respect, it is important to point out a recent
study in respiring cells showing that, as the O2 concentration
decreases, there is an early reduction of cytochromes aa3 and cc1,
part of the COX enzyme, relative to the decrease in the rate of O2

consumption [53], a mechanism in which NO might be involved
and that has important signalling consequences.

Consequences of NO effects for cell signalling

To further study the relative sensitivities of the two main cellular
targets of NO, and considering the fact that COX activity can be
partially inhibited without an effect on respiration, we examined
the effects of NO on cell signalling through PKG and AMPK
(Figure 7).

PKG is a serine/threonine protein kinase and is one of the major
intracellular receptors for cGMP. Activated PKG phosphorylates
many intracellular proteins and regulates important physiological
functions such as relaxation of vascular smooth muscle, inhibition
of cell differentiation and proliferation and inhibition of platelet
aggregation and apoptosis [31]. We measured the phosphorylation
state of the PKG substrate VASP, which is expressed in most
mammalian tissues. Phosphorylation of VASP at Ser157 causes
a mobility shift on SDS/PAGE from 46 to 50 kDa, providing a
convenient marker of PKG activity. The antibody that we used
in the present study recognizes Ser157-phosphorylated VASP and
the non-phosphorylated form. VASP phosphorylation has been
established as a marker of the activity of the NO–cGMP pathway
in various models [54], including HEK-293 cells [55].

AMPK plays a key role in the regulation of energy homoeostasis
and is activated by an elevated AMP/ATP ratio produced in re-
sponse to cellular and environmental stresses, such as heat shock,
hypoxia and ischaemia [56]. AMPK is itself phosphorylated by
the upstream component of the protein kinase cascade
AMPKK (AMPK kinase) and this phosphorylation is required
for AMPK activation [57]. The phospho-AMPKα (Thr172) anti-
body (Cell Signaling Technology) used in the present study detects
endogenous AMPKα only when phosphorylated at Thr172, and
thus acts as a marker of AMPK activity.

Time course experiments indicated that NO-induced phos-
phorylation was maximal at 1 min for VASP and 15 min for
AMPK, as determined by immunoblot (results not shown). The
increase in VASP phosphorylation was transient (decreasing after

Figure 7 Phosphorylation of VASP and AMPK induced by endogenous NO

(a) Immunoblot analysis of non-phosphorylated VASP and VASP phosphorylated at Ser157

(P-VASP) after overnight induction of the cells with a range of tetracycline concentrations. NO
production was induced by addition of L-arginine (1 mM) 1 min before cell lysis. The anti-VASP
antibody detects two bands, the upper band corresponding to P-VASP. Immunoblot densitometric
results are presented as the mean and range of P-VASP/VASP ratio. (b) Exposure for 1 min
to 8-Br-cGMP (100 µM) induced VASP phosphorylation in control cells (not treated with
tetracycline), whereas the addition of ODQ (50 µM) to cells incubated with tetracycline (5 ng/ml)
plus 1 min exposure to L-arginine (1 mM) prevented NO-induced VASP phosphorylation.
(c) Immunoblot analysis showing the expression of phosphorylated AMPK (P-AMPK) after
overnight induction of the cells with a range of tetracycline concentrations. NO production was
induced by addition of L-arginine (1 mM) 15 min before cell lysis. The results presented in (a–c)
are representative of results obtained in two separate experiments. Immunoblots with anti-actin
antibody confirmed equal protein loading.

1 min), whereas AMPK phosphorylation was maintained for up
to 1 h. The dose–response experiment for VASP phosphorylation
by NO produced a maximal phosphorylated VASP/VASP ratio at
2 ng/ml tetracycline, with lower values at higher concentrations
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(Figure 7a). 8-Br-cGMP, a membrane-permeable cGMP deriv-
ative, induced VASP phosphorylation in the absence of NO, and
ODQ, an inhibitor of sGC, confirmed that VASP phosphorylation
is dependent on sGC activation (Figure 7b). The increase in
AMPK phosphorylation was maximal at 20 ng/ml tetracycline
and was maintained at higher NO concentrations (Figure 7c).
These experiments agree with the results presented earlier in the
present study in indicating that the NO–PKG signalling pathway
is activated at lower NO concentrations than the NO–AMPK
pathway.

In conclusion, our results show that the IC50 for respiratory
inhibition by NO is approx. 50-fold higher than the EC50 for activ-
ation of sGC by NO at tissue O2 levels. Our results suggest that
it is unlikely that NO concentrations that maximally activate sGC
could simultaneously inhibit cellular respiration. This agrees with
the greater sensitivity of isolated sGC to exogenous NO (DETA-
NO) in comparison with mitochondrial respiration [24]. More-
over, the NO concentrations that activate the NO–cGMP signall-
ing pathway are lower than those required to activate AMPK.
However, given that intracellular O2 concentrations are an order
of magnitude lower than tissue O2 levels, it is possible that in this
lower range of O2 concentrations, NO regulates cell respiration
as well as cGMP production during normal physiology or under
pathological conditions of ischaemia and hypoxia.
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