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Oxidative stress and S-nitrosylation of proteins in cells
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1 The effect of prolonged exposure to nitric oxide on enzymes involved in cell metabolism was
investigated in T lymphocyte-derived Jurkat and L1929 fibroblast human cell lines using a constant
concentration of nitric oxide (1.5 uM) released by the nitric oxide donor DETA-NO (0.5 mM).

2 Nitric oxide inhibited immediately the respiration of the cells acting reversibly at complex IV.
With time, the inhibition became progressively persistent, i.e. not reversed by trapping of nitric oxide
with oxyhaemoglobin, and was preceded by a decrease in the concentration of the intracellular
reduced glutathione. This persistent effect of nitric oxide on respiration was due to inhibition of
complex I activity which could be reversed by addition of reduced glutathione or by cold light,
suggesting that it was due to S-nitrosylation of thiols necessary for the activity of the enzyme.

3 The activity of other enzymes also known to be susceptible to inhibition by S-nitrosylation, i.e.
glyceraldehyde-3-phosphate dehydrogenase and glutathione reductase, was progressively decreased
by exposure to nitric oxide with a similar time course to that observed for the inhibition of complex
1. Furthermore, inhibition of these enzymes only occurred when the concentrations of reduced
glutathione had previously fallen and could be prevented by increasing the intracellular
concentrations of reduced glutathione.

4 Our results suggest that S-nitrosylation of different enzymes by nitric oxide may occur only if the
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reducing potential of the cells is impaired.
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Introduction

The interaction between nitric oxide (NO) and complex IV in
the respiratory chain constitutes a physiological mechanism by
which cells regulate their respiration (Clementi et al., 1999;
Loke et al., 1999). Moreover, when non-activated J774 murine
macrophages are exposed to a constant concentration of NO
for prolonged periods, NO induces a progressively persistent
inhibition of respiration. This inhibition occurs at the level of
complex I and is preceded by a decrease in the concentration of
intracellular glutathione (GSH). The inhibition can be reversed
by addition of GSH or by cold light, suggesting that it is due to
S-nitrosylation of thiols necessary for the activity of the
enzyme (Clementi et al., 1998).

S-nitrosylation, which has been reported to affect many
cellular components including creatine kinase, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), p21™° as well as the
NMDA and the ryanodine receptor (Lipton et al., 1993;
Padgett & Whorton, 1995; Lander et al., 1996b; Wolosker et
al., 1996; Xu et al., 1998; Yun et al., 1998), results in changes in
their activity. These modifications affect crucial biochemical
pathways in the cells, such as glycolysis, growth and Ca>"
homeostasis. Furthermore, S-nitrosylation of thiols has been
proposed to be a mechanism for signal transduction in cells
(Stamler, 1994). In view of this it is important to understand
the biological conditions under which S-nitrosylation occurs
since this will provide clues as to whether this is a physiological
step or may already be a response to stress.
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In order to investigate this question we have used human T
Ilymphocyte-derived Jurkat and human fibroblast 1.929 cells
exposed to the slow-releasing NO donor (z)-1-[2-(2-ami-
noethyl)-N-(2-ammonioethyl)amino] diazen-1-ium-1,2 diolate
(DETA-NO). We have analysed the function of the respiratory
chain, specifically complex I, in these conditions. In addition,
we have directly studied the activity of two other enzymes
which are known to undergo S-nitrosylation, namely GAPDH
(Padgett & Whorton, 1995) and glutathione reductase (GR)
(Butzer et al., 1999). Our results show that NO produces a
stepwise inhibition of the respiratory chain in both cell lines in
a manner similar to that described in the macrophage line J774
(Clementi et al., 1998). Furthermore, direct analysis of
complex I, GAPDH and GR showed that the activity of these
enzymes is inhibited by NO but only when the reducing
potential of the cell is affected.

Methods

Cell culture and preparation

Human T Iymphocyte-derived Jurkat cells and human
fibroblast L1929 cells were grown in suspension using a MCS
biological stirrer (Techne, Cambridge, U.K.) in RPMI medium
supplemented with foetal bovine serum (FBS; 10% v v™!), L-
glutamine (4 mM), penicillin (100 U ml~"), streptomycin
(100 uyg ml~") and gentamicin (Spgml~"), at 37°C in a
humidified atmosphere containing 5% CO,. Only cells in the
logarithmic growth phase and with >95% viability (as judged



954 B. Beltran et al

Nitric oxide, oxidative stress and S-nitrosylation

by the trypan blue exclusion test) were used for the
experiments. At the time of the experiments the cells were
centrifuged, washed and resuspended at a density of 107
cells ml~" in an incubation medium consisting of (in mM):
NaCl 118, KC14.8, KH,PO, 1.2, MgSO, 1.2, CaCl, 1, glucose
20, HEPES 25, pH 7.2.

Measurement of oxygen consumption and NO generation
Cells suspended in the incubation medium (pH 7.2, 107
cells ml~"') were incubated at 37°C in the presence or absence
of DETA-NO (0.5 and 5 mM) which was dissolved in the
incubation medium 20 min before the addition to the cells.
Samples (0.7 ml) were analysed at the time-points indicated in
the various experiments in a gas-tight vessel maintained at
37°C, equipped with both a Clark type oxygen electrode (Rank
Brothers, Bottisham, U.K.) and an NO e¢lectrode (Iso-NO,
World Precision Instruments, Stevenage, U.K.) connected to a
chart recorder. NO release and cellular oxygen consumption
were thus measured simultaneously as described (Brown &
Cooper, 1994). The oxygen electrode was calibrated with air-
saturated medium kept at 37°C, assuming an oxygen
concentration of 200 uM; the NO electrode was calibrated by
addition of known concentrations of NaNO, under reducing
conditions (KI/H,SO,). In order to investigate the reversibility
of NO-induced inhibition of respiration, oxyhaemoglobin (Hb;
8 uM) was added to the cells to remove the NO instanta-
neously. We define persistent inhibition of respiration as the
proportion of this inhibition which is not immediately (<30 s)
reversible by the addition of Hb. Data on oxygen consumption
by DETA-NO-treated cells are expressed as percentage of that
measured in cells subjected to the same treatment in the
absence of the NO donor (controls).

In order to assess where the inhibition of respiration occurs
in our experimental conditions, the different metabolic steps
related to the oxidative phosphorylation activity were dissected
pharmacologically, using specific inhibitors and appropriate
substrates added to the cells immediately before addition of the
NO donor. The addition of the protonophore carbonyl
cyanide p-(trifluoro-methoxy) phenylhydrazone (FCCP; 1 um)
to control cells uncouples the flow of electrons from the
synthesis of ATP and generates an increase in oxygen
consumption. The addition of FCCP was used in some
experiments to determine whether NO is acting at a step
downstream to the ATP synthase. To study if the impairment
of the citric acid cycle was involved in our results, experiments
were performed with 3-nitropropionic acid (0.6 mM), an
inhibitor of succinate dehydrogenase, in the presence of f-
hydroxybutyrate (6 mM), which supplies mitochondria with
NADH via its conversion to acetoacetate. In another group of
experiments the oxygen consumption sustained by the activity
of complex IV was tested in the presence of the complex III
inhibitor myxothiazol (0.5 uM) and the supply of electrons to
complex IV was maintained using N,N,N’,N’-tetramethyl-p-
phenylenediamine (TMPD; 80 uM) plus ascorbic acid (4 mMm).
Finally, the oxygen consumption via complex II was tested
using the respiratory substrate succinate (6 mM) in the
presence of the complex I inhibitor rotenone (2 uMm).

The concentrations of the various compounds mentioned
above were selected in preliminary experiments designed as
follows: oxygen consumption in untreated cell samples was
followed for 4 min, and the various blockers (3-nitropropionic
acid, myxothiazol, rotenone) added at increasing concentra-
tions to select the minimally effective concentration required to
reduce oxygen consumption to less than 10% of control. The
corresponding respiratory substrates (f-hydroxybutyrate,

TMPD plus ascorbate, succinate) were then added at
increasing concentrations to select that which restored
respiration to at least 90% of the level of untreated controls.
The maintenance of the respiration rate thus obtained was then
followed over a 6 h period and compared with that of
untreated controls.

In some experiments, cells were incubated with DETA-NO
together with GSH-ethyl ester (2 mM). Finally, in some
experimental groups, after the cells had been incubated for
5 h with DETA-NO and a persistent inhibition of respiration
had been established, cells were divided into two groups. One
group received GSH-ethyl ester (2 mM) and the other group
was subjected to illumination with high intensity (approx.
8 MIx) light from a cold light source (KL1500, Schott, Mainz,
Germany), for a further incubation period of 1.5 h in both
cases.

Measurement of reactive oxygen intermediates

The release of reactive oxygen intermediates from Jurkat and
L929 cells was measured using luminol-enhanced chemilumi-
nescence. Measurements were always performed in parallel
with the measurement of oxygen consumption. Samples of the
cell suspension, (100 ul, 10° cells), with or without DETA-NO,
were taken at the indicated time-points and diluted 1:10 with
incubation medium. Luminol was then added at a final
concentration of 0.2 mM and cells analysed in a Wallac-LKB
1250 luminometer equipped with a thermostatically-controlled
cuvette at 37°C. Photon counts generated by the chemilumi-
nescent reaction with luminol were documented with a strip
chart recorder.

Assay of complex I activity

The activity of complex I was assayed as described (Ragan et
al., 1987). Briefly, the cells were centrifuged at 2500 x g for
2 min and the pellet was freeze—thawed three times. Cellular
homogenate (20 ul, 0.3 mg) was added to 1 ml of 10 mm
potassium phosphate buffer, pH 8.0 containing 100 um
NADH in a 1 ml cuvette at 37°C. The rate of NADH
oxidation was followed at 340 nm in a UV spectrophotometer.
After recording the absorbance for 1 min, 5 ul of 10 mMm
ubiquinone-1 was added and the stimulated rate of NADH
oxidation, which was taken as complex I activity, was followed
for further 2 min. The NADH oxidation rate was calculated
from the slope of absorbance decrease over time using an
extinction coefficient for NADH of 6.81 mM~'cm™' at
340 nm.

Assay of GAPDH activity

The activity of GAPDH was determined by following the
reduction of NAD* to NADH at 340 nm. The assay mixture,
in a total volume of 1 ml, contained 10 mM sodium
pyrophosphate (pH 8.5), 25 mM sodium arsenate, 0.25 mMm
NAD*, and 1 mM glyceraldehyde-3-phosphate. At the
indicated point-times, an aliquot of cells (0.7 ml) was
centrifuged at 2500 x g for 2 min and the pellet was freeze —
thawed three times. Then, 4 ul of the cellular homogenate was
added to the assay mixture to start the reaction and the activity
was followed spectrophotometrically (340 nm, 25°C).

Assay of GR activity

The activity of GR was determined by following the oxidation
of NADPH to NADP" at 340 nm. The assay mixture, in a
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total volume of 1 ml, contained 100 mM potassium chloride,
50 mM potassium phosphate, ] mM EDTA (pH 6.9), 0.1 mMm
NADPH and 1 mM GSSG. At the indicated point-times, an
aliquot of cells (0.7 ml) was centrifuged at 2500 x g for 2 min
and the pellet was freeze — thawed three times. Then, 4 ul of the
cellular homogenate was added to the assay mixture to start
the reaction and the activity was followed spectrophotome-
trically (340 nm, 25°C). The activity of the enzyme was
calculated using a molar extinction coefficient of
6.81x10* M cm ™~

Measurement of GSH and proteins

The concentrations of GSH in both cell lines were studied
during the time course experiments. At the time indicated, cells
were centrifuged at 2500xg for 2 min, the pellet was
resuspended in cold metaphosphoric acid solution and the

A
100 - @ DETANO

? A +Hb
k< 80

8
Y

o
< 60

[
K]
a8 40

€

=2

[72]

c

8 201

oN
(@]

0 - r T

Figure 1

GSH content analysed using the Bioxytech GSH-400 kit. In
some experiments, the concentration of intracellular GSH was
also measured by HPLC as described by Ramachandran et al.
(1999).

The protein content in the samples of all the assays was
measured using a bicinchoninic acid based procedure (BCA
assay, Pierce, Rockford, 1L, U.S.A.).

Materials and drugs

Culture media and FBS were from GIBCO, Paisley, U.K.,
DETA-NO, a compound known to release NO with a half-life
of 20 h at pH 7.4 (Hausladen ef al., 1996), was purchased from
Alexis Co., Nottingham, U.K. Measurements of GSH were
performed using the Bioxytech GSH-400 kit from Oxis Int.,
Portland, Oregon, U.S.A. Hb was prepared as previously
described (Feelisch er al., 1996). Myxothiazol, rotenone,
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Effects of exposure to DETA-NO on cell respiration in Jurkat (A, n=38) and L929 cells (B, n=15). Cells were incubated

with 0.5 mM DETA-NO and oxygen consumption was measured in samples taken at the indicated time points, before and after
addition of Hb (8 um). Oxygen consumption in DETA-NO-treated cells is reported as percentage of that observed in samples

treated in the same way but without DETA-NO (controls).

Table 1 Effects of NO on oxygen consumption

Treatment Pathways 20 min
Jurkat cells
None 26+5.6
3-Nitropropionic acid+  Complexes I-III-IV ~ 29.3+2.6
B-hydroxybutyrate
Myxothiazol + Complex IV 28+1.6
TMPD)/ascorbate
Rotenone + Succinate Complexes II-ITI-IV  27.6+10.8
L1929 Cells
None 10.6+2.6
3-Nitropropionic acid+  Complexes I-I11-IV 19+9
B-hydroxybutyrate
Myxothiazol + Complex IV 20.2+3.1
TMPD)/ascorbate
Rotenone + Succinate Complexes II-ITI-1V 17+4.9

Oxygen consumption (% of controls)
at time of analysis after administration of DETA-NO

20 min+ Hb 3h 3h+ Hb 5h 5h+ Hb
97.24+3.8 26.6+0.4 50+7.9 31.5+3.4 30+4.5
104.64+4.6 27.6+3.4 45.7+49.2 42+47 36.6+11.7
101.740.8 243472 105.742.8 45+5 107+3
98.6+9.4 3348 109.84+5.1 35.7+7.2 97+3.1
103.343.3 12+1.3 5349.6 18.3+3.3 18+3.6
96.6+ 15 21.346.3 64412 31.64+2 264+2.8
107+2.6 19+3.2 105+7.8 29.743 101+4.3
10842.5 29.34+49 106 +17 36.34+3.2 99.64+5.2

Cells were resuspended in the incubation medium and then treated with various blockers of the mitochondrial enzymes in the presence
of specific substrates as indicated. DETA-NO (0.5 mM) was then added and oxygen consumption was analysed before and after
addition of Hb (8 um) at the indicated time points. Values are expressed as percentage of those in cells treated with the same inhibitors
and substrates but incubated in the absence of DETA-NO. The concentrations of the various inhibitors of the mitochondrial
respiratory chain, as well as of the appropriate substrates, were selected in preliminary experiments as described in Methods, n>4.

British Journal of Pharmacology, vol 129 (5)
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Figure 2 Activity of complex I in cellular extract after cell exposure
to DETA-NO, rotenone and GSH-ethyl ester. Jurkat (A) and 1929
(B) cells were incubated with or without DETA-NO (0.5 mm) for
either 20 min or 5 h, at which times cells were collected and the pellet
used to measure complex I activity (n=35). At every time-point
studied there was a group of control cells treated with rotenone
(2 mm). (C) cells treated for 5 h as in (A) and (B) but in the presence
or absence of GSH-ethyl ester (2 mM, n=4).

Table 2 Effects of NO and GSH on the oxygen consumption

FCCP, TMPD, f-hydroxybutyrate, 3-nitropropionic acid,
NAD", NADH, NADPH, glyceraldehyde-3-phosphate
(GAP), oxidized glutathione (GSSG), GSH-ethyl ester,
ubiquinone 1, luminol and all other reagents were from
Sigma-Aldrich, Poole, U.K.

Statistical analysis

The results are expressed as means+standard error of the
mean; n represents the number of individual experiments.
Statistical analysis was performed by Student’s t-test for
unpaired variables (two-tailed). Values are considered sig-
nificant when P<0.05. *Significantly different from control
cells. *Significantly different from DETA-NO-treated cells.

Results

DETA-NO dissolved in the incubation medium resulted in an
immediate and gradual release of NO, as detected by the NO
electrode, which increased constantly for about 20 min and
thereafter reached a plateau which was maintained for >7 h.
The maximal concentration of NO generated at the concentra-
tion of 0.5 mM DETA-NO (used in all the experiments unless
otherwise indicated) was 1.5+0.3 uM (n=4) which remained
constant for the duration of the experiment.

The addition of DETA-NO to the cells generated an
immediate inhibition of respiration (76+1% in Jurkat and
87+ 1% in L929 cells, n=6). Initially (up to 1 h) this inhibition
was fully reversible by addition of Hb but this ability of Hb to
reverse the NO effect decreased progressively with time until it
became completely ineffective after 5 h of incubation with
DETA-NO, in both cell lines (Figure 1). Persistent inhibition
of respiration by DETA-NO was due neither to an action of
the corresponding amine, DETA, nor to the stable decom-
position product of NO, nitrite, since if the compound was
allowed to decompose fully under acidic conditions, no effect
was observed on the rate of oxygen consumption (not shown).
Neither was the inhibition a consequence of a nonspecific toxic
effect of NO, since the cells were viable at the end of the
experiment (5 h), as assessed by trypan blue exclusion.
Viability was 82+ 5% in Jurkat and 71 +3.1% in L929 cells
under control conditions and 85+4.2% in Jurkat and
70+4.7% in L1929 cells exposed to DETA-NO (n=10,
P>0.05).

Incubation with DETA-NO did not induce any detectable
generation of reactive oxygen intermediates up to 5 h, as
assessed by luminol-enhanced chemiluminescence (=3 in

Oxygen consumption (% of controls) at time of analysis after

Treatment 20 min
Jurkat cells
DETA-NO 2642
DETA-NO + GSH-ethyl ester 26.5+1.5
Double n° cells+ DETA-NO 33348
L929 Cells
DETA-NO 11.7+3
DETA-NO + GSH-ethyl ester 10.6+1.4

administration of DETA-NO +/— GSH

20 min+ Hb 5h 5h+ Hb
97.54+2.5 3343 33.542.5
106+1 29.54+0.5 98+6
107+6.3 24242 66.7+12
100+0.5 1443 13.4+4.1

103.34+£2.3 1542 77414

Cells were resuspended in the incubation medium and then treated either with DETA-NO alone (0.5mm) or with DETA-NO + GSH-
ethyl ester (2 mm). One group of experiments was carried out doubling the number of the cells (20 x 10°ml~'). After the addition of the
drugs the oxygen consumption of the cells was analysed before and after the addition of Hb (8 mm) at the indicated time points. Values
are expressed as percentage of cells treated in the same way but without DETA-NO (control), n>4.

British Journal of Pharmacology, vol 129 (5)
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Figure 3 Depletion of intracellular GSH following exposure to DETA-NO of Jurkat (A; n=175) and L929 cells (B; n=7). Cells were
incubated with or without DETA-NO (0.5 or 5 mMm) for the indicated time points. Cells were centrifuged and the pellet was used to

analyse the GSH content as described in the Methods section.

Jurkat and n=2 in L929 cells; not shown). When control cells
from both cell lines were exposed to the protonophore FCCP
(1 uM; 2 min), which uncouples the flow of electrons from the
synthesis of ATP, they increased their oxygen consumption by
39.3+9.8% in Jurkat and 34.6 +3.8% in L929 cells (n=3). By
contrast, in cells exposed to DETA-NO for 5 h FCCP did not
have any effect, indicating that the target of the persistent
action of NO was located upstream of ATP synthesis. As
summarized in Table 1, when cells were respiring on f-
hydroxybutyrate in the presence of citric acid cycle blockade
by 3-nitropropionic acid (0.6 mM), no changes in the onset of
persistent inhibition by DETA-NO were observed, indicating
that inhibition of the citric acid cycle did not play a major role
in the inhibition of oxygen consumption observed. Oxygen
consumption carried out by the activity of complex IV (in the
presence of the complex III inhibitor myxothiazol and TMPD/
ascorbate as respiratory substrate) was inhibited by DETA-
NO, but this inhibition remained always reversible. Respira-
tion occurring via complex II (in the presence of complex I
inhibitor rotenone and succinate as respiratory substrate) was
likewise always fully reversible by Hb. All these results suggest
that the persistent inhibition of oxygen consumption is
confined to complex I activity in both Jurkat and L929 cells.

Complex 1 activity was then measured directly in
homogenates from cells treated with DETA-NO for 20 min,
at a point when the inhibition of oxygen consumption was still
fully reversible, and then following 5 h of exposure, when the
inhibition had become persistent. After 20 min incubation with
DETA-NO no significant differences were found between the
activities of complex I in control cells and in cells exposed to
the NO donor; however, after 5 h of incubation, the activity of
complex I was significantly reduced in relation to the respective
controls (Figure 2A,B). Figure 2 also shows that rotenone
(2 mM) inhibited the activity of complex I already at 20 min
and that the extent of inhibition by NO and rotenone was
similar after 5 h.

To investigate the nature of inhibition of complex I by NO,
cells exhibiting a persistent inhibition of respiration were either
treated with the membrane permeable GSH analogue GSH-
ethyl ester (2 mM) or exposed to cold light (8 MIx), in both
cases for a period of 1.5 h. Both treatments restored the
reversibility of the persistent inhibition of respiration by Hb.
The addition of GSH-ethyl ester restored oxygen consumption
to 63+7.5% in Jurkat (n=4) and 61+1.2% in L929 (n=3)
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Figure 4 Effects of DETA-NO on the GAPDH activity of Jurkat
(A; n="7) and L929 cells (B; n=4). Following continuous exposure in
the presence or absence of DETA-NO (0.5 mMm) for the indicated
time points, cells were centrifuged and the pellet analysed for
GAPDH activity as described in the Methods section.

cells with respect to control cells. Similarly the recovery after
treatment with light was 72.5+17.5% in Jurkat (n=3) and
94.34+2.9% in L929 (n=3). When the incubation was carried
out in the presence of GSH-ethyl ester (2 mM) the inhibition of

British Journal of Pharmacology, vol 129 (5)
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Figure 5 Effects of DETA-NO, GSH and light exposure on
GAPDH activity. (A) Cells were treated with DETA-NO (0.5 mm)
in the presence or absence of GSH-ethyl ester (2 mm). Cells were
collected at the indicated time points and pellets were used for the
analysis of the GAPDH activity. Data are expressed as percentages
of the activity measured in cells incubated without DETA-NO and
represent means+s.e.mean; n=5. (B) Cells were treated with or
without DETA-NO for 5 h. An aliquot of the DETA-NO-treated
cells was exposed to cold light (8 MIx) for a further 1.5 h, n=4.

oxygen consumption by DETA-NO was still reversible after
5 h of incubation (Table 2). Direct analysis of the activity of
complex I under these conditions showed that the enzyme
activity was not significantly inhibited after 5 h (Figure 2C). In
experiments in which incubation with DETA-NO was carried
out with a doubled concentration of cells in the medium (i.e.
20 x 10° cells ml~') the onset of the persistent inhibition was
also delayed (Table 2).

Exposure of the cells to DETA-NO resulted in the
progressive reduction of the intracellular GSH concentration,
which was 38 +8.9% of the control values in Jurkat (n=7) and
38.5+10.2% of the control values in L929 cells (n=15) after 5 h
of incubation with the NO donor (Figure 3A,B). When cells
were incubated with ten times the concentration of DETA-NO
(5mM, n=5) the concentrations of intracellular GSH
decreased to 45% of the control concentrations in 10 min of
incubation (Figure 3A,B). In these experiments the persistent
inhibition of respiration was observed after only 1-1.5 h of
incubation.

Among the enzymes involved in the metabolic pathways
responsible for supplying NADH to complex I, an important
role is played by GAPDH, the rate limiting enzyme for
glycolysis. This enzyme has been reported to be S-nitrosylated
by NO, with consequent inhibition of its activity (Padgett &
Whorton, 1995). The activity of this enzyme was not affected
after 1 h of incubation with DETA-NO. From then on the
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Figure 6 Effects of DETA-NO and GSH on GR activity. Cells were
treated with or without DETA-NO (0.5 mM, n=6) in the presence or
absence of GSH-ethyl ester (2 mM, n=4). Cells were collected at the
indicated time points and pellets were used for the analysis of the
GAPDH activity. Data are expressed as percentages of the activity
measured in cells incubated without DETA-NO and represent
means+s.e.mean. The activity detected for those control cells was
10.8+2.2 nmol min ! mg_l.

enzyme became progressively inhibited in both cell lines, with a
time course similar to that observed for inhibition of complex I
activity (Figure 4A,B). When a similar experiment was
performed in the presence of GSH-ethyl ester (2 mM) the
inhibition of the enzyme proceeded at a slower rate than in the
cells treated with DETA-NO alone (Figure 5A). When cells
exposed to DETA-NO for 5 h, in which inhibition of GAPDH
activity was observed, were treated with cold light for 1.5 h the
activity was restored to 79.5+0.02% of the control (Figure
5B).

Glutathione reductase is an enzyme of the glutathione redox
metabolism (Becker et al., 1995). It contains two thiols at the
active site which, when nitrosylated, lead to inhibition of its
activity (Butzer et al., 1999). In Jurkat cells incubated with
DETA-NO, the activity of the enzyme did not change for up to
1 h of incubation but became progressively affected with time.
Consistent with previous observations (Butzer er al., 1999)
after 5 h of incubation with DETA an inhibition of 27+6%
(Figure 6) was observed. As with the other enzymes, when the
experiments were performed in the presence of 2 mM GSH-
ethyl ester, inhibition was not observed even after 5 h of
incubation.

Discussion

Our results show that prolonged exposure of two different
human-cell lines (Jurkat and L.929) to NO results in inhibition
of cell respiration which becomes progressively persistent, with
a time course similar to that described in J774 cells (Clementi
et al., 1998). Experiments carried out using drugs that inhibit
specific enzymes in the citric acid cycle or in the oxidative
phosphorylation chain and appropriate substrates to maintain
cellular respiration, showed that the persistent inhibition of
oxygen consumption was due to inhibition of complex I
activity and was preceded by a decrease in the content of GSH
of the cells.

Once the persistent inhibition of respiration was established,
the addition of GSH-ethyl ester or exposure to light restored
the reversibility of the NO-dependent blockade by Hb in both
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cell lines. Doubling the concentration of the cells, or
incubating the cells with GSH-ethyl ester prevented the
development of the irreversible inhibition of oxygen consump-
tion. The photolability of the chemical modification, together
with its sensitivity to reducing agents, is consistent with the
formation of a nitrosothiol (Bauer ez al., 1995). These results
show that the sequence and characteristics of the events in
mitochondria which follow long-term exposure to NO are very
similar in diverse cells.

Previous observations on the effects of NO on the
mitochondria have been controversial and inhibition or
‘damage’ of many enzymes has been reported (Brown &
Cooper, 1994). Those results, however, were obtained using
NO donors which are either very unstable, release large
quantities of NO in short periods, or their breakdown into NO
is accompanied by the release of other species which react with
NO itself. Our results using DETA-NO at a concentration
(0.5 mM) which releases NO in a constant manner (1.5 uM)
over long periods (24 h) show that NO, in the mitochondrial
respiratory chain, inhibits selectively complexes IV and I.
Interestingly, exposure of J774 cells to even larger concentra-
tions of NO (up to 7 uMm) released from DETA-NO does not
lead to inhibition of any other enzymes in the respiratory chain
(not shown). Whether the action of NO on complex I is due to
NO itself or to some related species is not yet clear. The
mitochondria are a source of superoxide anion (O,~) which
can rapidly react with NO to form peroxynitrite (ONOO™)
(Beckman et al., 1990; Radi et al., 1991). In our experimental
conditions there was not a generalized formation of ONOO™
as assessed by the lack of any detectable production of reactive
oxygen species during exposure to NO. However, unpublished
results (J.J. Poderoso, personal communication) suggest that
ONOO ™ is formed in complex I due to the generation of O,
in complex I itself (Radi & Cassina, 1996; Cadenas, 1997). The
persistent impairment of complex I by S-nitrosylation could
represent a turning point in the cell leading from the already
well-known physiological inhibition of complex IV (Brown &
Cooper, 1994) to a pathophysiological inhibition of complex I.
Recent experiments indicate that this is indeed the case, since
inhibition of complex I has toxic effects and leads to the
triggering of an apoptotic programme (Seaton et al., 1998;
Barrientos & Moraes, 1999; Loke et al., 1999).

Nitrosylation of thiols has been proposed to be an important
signaling event in cells (Stamler, 1994). However, it is not clear
whether S-nitrosylation is a physiological mechanism or only
occurs in cells exposed to NO during oxidative stress. Therefore,
we studied the relationship between the inhibition of two other
enzymes known to be S-nitrosylated by NO, i.e. GAPDH and
GR, and the redox status of the cell. None of the enzymes were
affected by exposure to NO for up to 1 h and significant
inhibition of their activity was only observed after 3—5 h. The
concentration of GSH was reduced by 20-40% at 1lh
depending on the cell type and decreased further with time.
With higher concentrations of NO (7 uM), generated by
exposure to S mM DETA-NO, the drop in GSH was already
marked after 20 min and the onset of the inhibition of the
enzyme activity was observed at 1—1.5 h. Decreases in GSH
always preceded the effects of NO on enzyme activity but
interestingly, in every case, there was a time lag between the
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