Biochem. J. (2003) 369, 399—406 (Printed in Great Britain)

399

Superoxide-dependent consumption of nitric oxide in biological media may

confound in vitro experiments

Robert G. KEYNES, Charmaine GRIFFITHS and John GARTHWAITE

Wolfson Institute for Biomedical Research, University College London, Cruciform Building, Gower Street, London WC1E 6BT, U.K.

NO functions ubiquitously as a biological messenger but has also
been implicated in various pathologies, a role supported by many
reports that exogenous or endogenous NO can kill cells in tissue
culture. In the course of experiments aimed at examining the
toxicity of exogenous NO towards cultured cells, we found that
most of the NO delivered using a NONOate (diazeniumdiolate)
donor was removed by reaction with the tissue-culture medium.
Two NO-consuming ingredients were identified: Hepes buffer
and, under laboratory lighting, the vitamin riboflavin. In each
case, the loss of NO was reversed by the addition of superoxide
dismutase. The effect of Hepes was observed over a range of
NONOate concentrations (producing up to 1 M NO). Further-
more, from measurements of soluble guanylate cyclase activity,
Hepes-dependent NO consumption remained significant at the
low nanomolar NO concentrations relevant to physiological NO

signalling. The combination of Hepes and riboflavin (in the light)
acted synergistically to the extent that, instead of a steady-state
concentration of about 1 M being generated, NO was undetect-
able (< 10 nM). Again, the consumption could be inhibited
by superoxide dismutase. A scheme is proposed whereby a
‘vicious cycle’ of superoxide radical (O, ") formation occurs as
a result of oxidation of Hepes to its radical species, fuelled by the
subsequent reaction of O, with NO to form peroxynitrite
(ONOO"). The inadvertent production of ONOO~ and other
reactive species in biological media, or the associated loss of
NO, may contribute to the adverse effects, or otherwise, of NO
in vitro.

Key words: cytotoxicity, Hepes, peroxynitrite, riboflavin, soluble
guanylate cyclase.

INTRODUCTION

NO functions as a physiological cell-to-cell messenger throughout
the body but can also be toxic to cells. As such, NO has been
implicated in the pathogenesis of many different disorders that
affect humans, such as atherosclerosis, septic shock, renal failure
and neurodegenerative disease [1]. The best-understood pathway
for physiological NO signal transduction is binding to the NO
receptor, soluble guanylate cyclase (sGC), and the subsequent
generation of cGMP [2,3]. NO toxicity is usually attributed to
other mechanisms, including direct inhibition of mitochondrial
respiration and reaction with superoxide radicals (O, ") to give
peroxynitrite (ONOO™), which can result in covalent modi-
fications to proteins and the generation of reactive radicals, such
as nitrogen dioxide, carbonate and hydroxyl radicals [4].

Much of the impetus for considering NO as a toxic substance
derives from in vitro experiments performed using tissue-culture
techniques in which it can readily be demonstrated that expression
of the inducible isoform of NO synthase or addition of NO-
releasing chemicals can cause the death of many cell types over
periods of hours or days. In the case of brain neurons, the
Ca?*/calmodulin-dependent neuronal NO synthase can appar-
ently also become sufficiently active for periods long enough to
contribute to neurodegeneration [5]. However, some authors
find no link between glutamate-mediated neuronal death and
NO [6-8]. It has been postulated that variable expression of NO
synthase in different tissue-culture models, timing and intensity
of the insult may all play a role in generating these conflicting
results [9]. Similar conflicts exist in other areas of biology.

One of the key criteria to be met in order to sustain the
hypothesis that NO is an endogenous toxin is that exogenous
NO, at concentrations relevant to those produced endogenously,

should be able to elicit cell death. Unfortunately, there is little
knowledge of what constitutes a pathological concentration of
NO when it is generated endogenously in vivo. Nevertheless,
various NO-releasing chemicals have been used in various
concentrations to investigate the toxic potential of NO [10-12].
Historically, the most commonly used ones include sodium
nitroprusside, S-nitroso-N-acetylpenicillamine (‘SNAP’) and
3-morpholinosydnonimine (‘SIN-1°). However, the primary
species produced by these donors may not be NO. For example,
3-morpholinosydnonimine decomposition is associated with O, ~
release and ONOO~ generation [13]. Furthermore, reactive
nitrogen species that act as nitrosonium ion (NO*) donors have
been implicated in the actions of S-nitroso-N-acetylpenicillamine
and sodium nitroprusside [14,15]. The advent of the NONOates
(diazeniumdiolates), which release authentic NO with predictable
kinetics, has simplified matters. The rate of NO release from the
NONOates is a function of pH, temperature and the identity of
the nucleophile carrier. In aqueous aerobic solutions NO is
inactivated by reaction with O, in a process termed autoxidation
[16]. Knowing the kinetics of NO release and inactivation, the
resulting NO concentrations in biological buffers can be predicted
[17].

In the course of some studies originally aimed at determining
the toxicity of exogenous NO towards brain neurons maintained
in primary culture, we decided to use the NONOate (z)-1-
[2-(2-aminoethyl)- N-(2-ammonioethyl)amino]diazen-1-ium-1,2-
diolate (DETA/NO), which has a long half-life (20 h). In simple
buffer solutions, the NO generated by DETA/NO accumulates
to a steady-state concentration when the rate of autoxidation is
equal to the rate of NO release, making it potentially useful for
studies of the cytotoxicity of NO at defined concentrations and
over long time periods in tissue culture. On measuring the

Abbreviations used: DETA/NO, (z)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate; DMEM, Dulbecco’s modified Eagle’s
medium; DTPA, diethylenetriaminepenta-acetate; MEM, minimal essential medium; O,"", superoxide radical; ONOO™, peroxynitrite; sGC, soluble

guanylate cyclase; SOD, superoxide dismutase.
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concentrations attained in the tissue-culture media itself, how-
ever, we found a large and unexpected difference compared with
predictions. Here we report on the origin of the discrepancy and
the potentially serious implications this has for working with NO
in tissue-culture media, or even simple buffer solutions.

MATERIALS AND METHODS
Measurement of NO

NO concentrations were measured in 1 ml samples of tissue-
culture medium, Tris (25 mM) or Hepes (25 mM), all at pH 7.4,
using an electrochemical probe (ISO-NO; World Precision
Instruments, Stevenage, Herts., U.K.) placed in a sealed vessel
maintained at 37 °C. The tissue-culture media tested (all from
Gibco Life Technologies, Paisley, U.K.) were: minimal essential
medium (MEM) buffered with Hepes (catalogue number MEM
10012) or NaHCO, (MEM 31095), Neurobasal medium (21103),
Dulbecco’s modified Eagle’s medium (DMEM 41965) and
RPMI-1640 (31870). The NONOate DETA/NO (Alexis Bio-
chemicals, Nottingham, U.K.) was made freshly each day in
10 mM NaOH and kept on ice until use. Where indicated,
superoxide dismutase (SOD; Sigma-Aldrich, Poole, U.K.) was
added to give an activity of 1000 units/ml [4]. The metal chelators
and radical scavengers diethylenetriaminepenta-acetate (DTPA),
neocuproine, cuprizone, uric acid and deferoxamine (all from
Sigma-Aldrich) were added from at least 100-fold-concentrated
stock solutions to Tris or Hepes buffer and, where appropriate,
the pH was re-adjusted to 7.4. Vitamins (100 x MEM vitamin
mix; Gibco Life Technologies) or riboflavin (0.1-0.2 mg/I;
Sigma-Aldrich) were added to Tris or Hepes buffer. In ex-
periments designed to examine the effect of laboratory lighting,
a lightproof cardboard box covering the entire apparatus, whose
lid could be opened and closed as desired, was used. Upon
opening the lid the apparatus was exposed, at a distance of
approx. 2 m, to standard laboratory lighting conditions (four
fluorescent strip bulbs). NO traces were collected using DUO.18
software version 1.1 (World Precision Instruments) and sub-
sequently analysed using Microcal™ Origin™ software. All
experiments were undertaken at least three times and statistical
differences analysed using one-way or multiple-comparison
ANOVA with Dunnett’s post-hoc test; P values of < 0.05
were regarded as significant.

Determination of sGC activity

Enzyme activity was measured at 37 °C in 1.5 ml Eppendorf
tubes. Purified sGC from bovine lung (Alexis) was diluted in
buffer (pH 7.4) containing Tris (10 mM), dithiothreitol (1 mM)
and BSA (0.059%) to give a stock concentration of 5 ug/ml and
stored on ice. DETA/NO (3 M) was pre-equilibrated at 37 °C
for 3h in Tris or Hepes (25 mM), MgCl, (3 mM) and BSA
(0.059,) with or without the addition of SOD (1000 units/ml).
Substrate (GTP, 1 mM) was added to the reaction 10 s before the
addition of sGC to give a final concentration of 0.05 pg/ml.
Aliquots of the reaction mix were removed after 10 min, inacti-
vated by addition to boiling buffer (50 mM Tris/3 mM EDTA)
and cGMP levels measured by radioimmunoassay. Results are
given as means + S.E.M. and were analysed by one-way ANOVA
with Dunnett’s post-hoc test.

RESULTS
Inactivation of NO in tissue-culture medium

Addition of the slow-releasing NO donor DETA/NO (300 M)
to simple Tris buffer (25 mM, pH 7.4) resulted in a build up of
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Figure 1 Inactivation of NO by MEM

() Representative traces of NO accumulation upon addition of DETA/NO (300 M) to Tris
buffer (@) or MEM (Q); subsequent additions of SOD (1000 units/ml) are marked by arrows.
(B) Summary data from three independent experiments; *P < 0.05 versus the control NO
concentration in Tris buffer.

NO, which reached a plateau of around 1 xM after about 10 min
(Figure 1) as predicted by the kinetics of autoxidation [17].
Subsequent addition of SOD (1000 units/ml) had no significant
effect. When a similar test was performed in MEM (Gibco Life
Technologies catalogue number 10012), which forms the basis of
many different cell-culture media, the NO plateau was much
lower, about 0.2 uM. Addition of SOD then resulted in an
increase in the NO concentration to a value (about 0.8 M) close
to, but still significantly less than, that found in Tris buffer. These
findings suggest that, in Tris, NO is being consumed largely by
autoxidation whereas, in MEM, reaction with O, is mainly
responsible.

Importance of the buffer

Broadly, MEM contains four main ingredients: inorganic salts,
amino acids, vitamins and other compounds (D-glucose, Hepes,
Phenol Red and sodium succinate).

Initially, Hepes and Tris buffers (25 mM) were compared
(Figures 2A and 2B). In response to 300 yM DETA/NO, the
mean steady-state NO concentration attained in Hepes was
consistently less than in Tris (1.0+0.12 versus 1.194+0.09 uM;
n = 3). Addition of SOD to Hepes restored NO to the concen-
tration found in Tris (1.174+0.09 uM). As the DETA/NO
concentration was reduced to 100 xM and then to 30 uM, a
greater proportion of the NO was consumed in the Hepes buffer
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Figure 2 Inactivation of NO by Hepes buffer
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(A) Representative traces of NO accumulation upon addition of DETA/NO (30—300 zM) to Tris (@) or Hepes (O); subsequent additions of SOD (1000 units/ml) are marked by arrows. (B) Summary
data from three independent experiments; *P < 0.05 versus the control NO concentration found in Tris buffer. Key: solid bars, Tris4SOD; open bars, Hepes; hatched bars, Hepes+ SOD.
(C) Summary data of steady-state NO concentrations generated from DETA/NO (300 xM) in different Hepes concentrations (12.5—200 mM). Data are expressed as a percentage of the maximum
NO signal (approx. 1 M in all cases) generated following further addition of SOD (1000 units/ml). (D) sCG was stimulated by addition to a reaction mix pre-equilibrated with DETA/NO (3 M)
and buffered with either Tris or Hepes in the presence or absence of SOD as indicated. Data are means 4+ S.E.M. from six independent experiments; *P < 0.05 versus Tris control; ns, not

significant versus Tris control.

(reversible by SOD) such that, at 30 uM DETA/NO, the NO
plateau was reduced by about 759, (Figure 2B). The difference
in absolute NO concentration at 30 xM DETA/NO, however,
was less (0.13 xM) than at 100 or 300 M (both 0.2 xM). With
a fixed DETA/NO concentration (300 xM) the consumption
of NO increased with increasing Hepes concentrations over
the range 12.5-200 mM (Figure 2C).

The influence of Hepes at DETA/NO concentrations lower
than 30 M could not be measured easily because the resulting
NO concentration approached the detection limit of the elec-
trochemical probe (10 nM). To determine whether Hepes-
dependent NO consumption occurred at NO concentrations
relevant to physiological signalling, the activity of the NO re-
ceptor enzyme, sGC, was measured. Activation of sGC by
NO catalyses the production of cGMP from GTP, and occurs at
low nanomolar NO concentrations [18,19]. In Tris-buffered
reaction mix, DETA/NO (3 xM) stimulated cGMP accumu-
lation from sGC at a rate of 10.1+1.6 gumol/min per mg of
protein and there was no significant change in the rate in the
presence of SOD (Figure 2D). In contrast, in Hepes-buffered
reaction mix, sGC activity was reduced by approx. 659, com-
pared with that seen in Tris, and the control activity could
be restored by SOD.

The inhibition of NO consumption in Hepes buffer by SOD
suggests an involvement of O,"", which reacts extremely rapidly
with NO to form ONOO~ [4]. A possible source of O,"~ would be
the autoxidation of contaminating metal ions, particularly iron
and copper ions [4]. To examine this possibility, DETA/NO
(100 xM) was added to Tris or Hepes buffer (25 mM) containing
the Cu' chelator neocuprione (100 M), the Cu®*" chelator
cuprizone (100 M), or the iron chelators DTPA (100 xM) or
deferoxamine (300 xM). Addition of neocuproine, cuprizone
or DTPA had no effect on NO levels in Hepes (all remained
significantly lower than in Tris controls), and subsequent
additions of SOD restored NO to the concentrations found in
Tris (Figure 3). In the presence of deferoxamine, however, NO
levels attained in Hepes buffer were the same as those formed in
Tris buffer, and subsequent additions of SOD had no further
effect. A similar result was obtained in the presence of the
ONOO™ scavenger uric acid (300 M ; Figure 3).

Effect of vitamins

The consumption of NO in Hepes buffer alone cannot explain
the extent of NO inactivation observed when 300 xM DETA /NO
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Figure 3 Effect of metal chelators and uric acid on NO concentrations

DETA/NO (100 M) was added to Tris or Hepes (25 mM) in the presence of DTPA,
neocuproine, cuprizone (all at 100 M), deferoxamine (300 M) or uric acid (100 xM). Once
a steady-state NO concentration was achieved, SOD (1000 units/ml) was added and the
recording continued until the NO concentration was again steady. Data are from 3—6
independent experiments and show the test NO concentrations expressed as a percentage of
the control NO concentration found in Tris buffer (approx. 300 nM). *P < 0.05 versus control.
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Inactivation of NO by vitamins

Figure 4

was added to MEM. In pursuit of the other ingredients re-
sponsible, the mix of vitamins present in MEM was examined
(Figure 4A). In Tris buffer, the vitamins decreased the maxi-
mum level of NO achieved by 300 uM DETA/NO by about
0.2 #uM and NO levels were restored by the addition of SOD
(Figures 4A and 4B). With the vitamins in Hepes buffer, how-
ever, the NO signal was almost abolished. SOD restored the
NO concentration under these conditions to about 809, of
the control.

Of the components of the vitamin mix present (D-calcium
pantothenate, choline chloride, folic acid, i-inositol, nicotin-
amide, pyroxidal HCI, riboflavin, thiamine HCI), riboflavin was
considered a likely candidate because it is capable of generating
0O, [20]. When DETA/NO (300 M) was added to Tris in the
presence of riboflavin at the concentration found in MEM
(0.1 mg/1; Figure 4C) the maximum concentration of NO was
reduced by 0.18+0.03 uM (n = 3). SOD restored NO to the
control level (1.1+0.1 xM). Increasing the riboflavin concen-
tration led to an approximately proportional increase in NO
consumption that was, in all cases, inhibited by SOD (Figure
4D). When examined in Hepes buffer, the NO concentration
reached in the presence of riboflavin was below detection levels,
consistent with the very low concentration found in the vitamin
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(A) Representative traces of NO accumulation upon addition of DETA/NO (300 M) to Tris (@) or Hepes (O) in the presence of vitamins (4 Vits). SOD (1000 units/ml) was added as indicated
by the arrow or, with Hepes, was present throughout. The control trace (labelled Control) contained no additions. (B) Summary data from three independent experiments; *P < 0.05 versus Tris
control. (C) Summary data from similar experiments (7 = 3—4) using riboflavin (Rib, 0.1 mg/I) instead of the mixture of vitamins; *P < 0.05 versus Tris control. (D) Steady-state NO concentrations
generated from DETA/NO (300 «M) in different riboflavin concentrations (0.1-0.2 mg/I) in Tris buffer. Data (7 = 3—4) are expressed as a percentage of the maximum NO signal (approx. 1 M

in all cases) generated following a further addition of SOD (1000 units/ml).
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Figure 5 Effects of light on the consumption of NO in Tris or Hepes in the presence or absence of riboflavin

(A) and (B) show representative traces of NO accumulation upon addition of DETA/NO (300 xM) to Tris buffer (@) or Tris+riboflavin (Rib, 0.1 mg/I; Q) in the light (A) or dark (B). (C) Trace
showing the accumulation of NO in Tris buffer alone (@) or Hepes buffer in the absence or presence of riboflavin as indicated (O). The apparatus was initially kept in the dark but was exposed
to light during the interval indicated. (D) Summary data from 3—6 experiments; *P < 0.05 versus Tris control.

Table 1 Steady-state NO concentrations in different tissue-culture media

The data (7 = 3—10) represent the mean steady-state NO concentration formed following addition of 100 M DETA/NO to various tissue-culture media in the light or dark.

NO (xM)
Gibco Life Technologies Hepes Riboflavin

Medium catalogue number (mM) (mg/1) In the dark In the light

MEM 11012 25 0.1 0.14+0.01* < 0.01"

MEM 31095 - 0.1 0.29+0.03 0.01 +0.005*
RPMI-1640 31870 - 0.2 0.25+0.03 < 0.01*

DMEM 41965 - 0.4 0.24+0.02 < 0.01"
Neurobasal 21103 10 0.4 0.24+0.02 < 0.01"

* P < 0.05 versus Tris control (0.2840.01 xM).

mix. Again, SOD restored the NO concentration to approx.
809, of the control.

Influence of light

Riboflavin is photosensitive and its presence in culture media has
been reported to contribute to phototoxic effects [21]. To
investigate whether the consumption of NO was due to photo-

sensitization of riboflavin the apparatus was enclosed in a light-
proof box, the lid of which could be opened or closed as desired.
As before, in the light (Figures 5A and 5D), the presence of
riboflavin reduced the maximum NO concentration achieved
with DETA/NO (300 xM) in Tris buffer by about 20 9%,. In the
dark, no effect of riboflavin in Tris buffer was observed (Figures
5B and 5D). In Hepes buffer in the dark, riboflavin did not
decrease the NO concentration further (Figures 5C and 5D). On
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opening the box, however, the NO concentration fell by about
0.5 M within 10 min and then continued to fall more gradually
(Figures 5C and 5D). On closing the box, NO abruptly increased
and, within 20 min, regained the concentration previously
achieved. In Hepes buffer without riboflavin, light did not alter
the NO concentration (Figure 5C).

NO consumption by different tissue-culture media

Several commonly used tissue-culture media containing various
concentrations of Hepes and riboflavin (MEM 11012 and 31095,
Neurobasal medium, DMEM and RPMI-1640) were tested for
their ability to consume NO released by DETA/NO (100 M) in
the light or dark. In the dark, only MEM 11012 (which contains
25 mM Hepes) was effective, whereas in the light NO concen-
trations attained in all the media tested were below the detection
limit (Table 1).

DISCUSSION

The present study shows that, over a range of concentrations
covering those encountered in vitro following constitutive or
inducible NO synthase activity [22-24], NO can be consumed as
a result of the presence of two common constituents of cell-
culture media: riboflavin and Hepes buffer. The combination of
the two ingredients under normal laboratory lighting conditions
leads to a greatly amplified quench of the NO signal. Moreover,
the sensitivity of the quench to SOD in all cases implies the
participation of O,”~ and subsequent generation of ONOO-,
which can be a powerful oxidant and cytotoxin [4].

Hepes is a very commonly used biological buffer and the
finding that NO was consumed by this buffer in a SOD-sensitive
manner implies a continuous formation of O,"~ that interacts
with NO. Moreover, the effect remained marked even at the NO
concentrations relevant to sGC activation, which lie in the low
nanomolar range [18,19]. Consequently, Hepes buffer could
introduce artifacts associated with O,"~ formation over a wide
range of biologically relevant NO concentrations.

As no such effect was observed in Tris buffer, the O,
generation is not simply due to contaminants, such as metal ions.
A likely mechanism comes from the results of Kirsch et al. [25]
showing that O, was generated upon addition of ONOO"~ to
Hepes. It was suggested that ONOO~ (or any strong oxidant
derived from it) oxidizes the piperazine ring of Hepes. Following
deprotonation, reaction with O, leads to the formation of O,
which then goes on to form H,O, via dismutation. In our
experiments, the inhibition of the Hepes-dependent NO con-
sumption by SOD and by the ONOO~ scavenger uric acid would
be consistent with this reaction being responsible.

For such a scheme to explain the results, there would need to
be a source of O, " to initiate ONOO~ formation. One possible
source we considered was the autoxidation of trace metals,
the most likely candidates being iron and copper. Neither of the
copper chelators had a significant effect on the Hepes-dependent
NO quench, which could indicate a lack of involvement of
copper ions. However, Cu®*" can form an active complex with
Hepes [26,27] which could render the ion unavailable for
chelation. The iron chelators DTPA and deferoxamine gave
differing results, with only deferoxamine inhibiting NO con-
sumption. Again these results are difficult to interpret clearly. A
lack of effect of DTPA could be explained by the iron-DTPA
complex continuing to catalyse oxygen radical generation [28].
Conversely, the effect of deferoxamine may be explained by the
ability of this compound to scavenge free radicals, including O,"~
[29], rather than sequester iron. Thus, whereas metal con-

© 2003 Biochemical Society

02
Light /

\ autoxidation of metal

ions ?
Riboflavin
Lumichrome > Lumiflavin

0;
@ Q—L Hepes* 4= Hepes

Hzozf
. /
icity 7 -
Toxicity 7 ONOO
NO Donor 7, NO Toxicity 7
NO synthase

Figure 6 Possible interactions between NO, Hepes, riboflavin and light

0, initially generated by riboflavin and/or from the presence of metal contaminants, reacts
with NO to form ONOO™, which then oxidizes Hepes buffer forming the Hepes radical. This
radical fuels further 0, generation from molecular 0,. By this means Hepes sustains 0,
generation and the subsequent consumption of NO. The products H,0, and/or ONOO™ formed
artifactually in this way could exert biological actions, including cytotoxicity.

taminants are still good candidates, unambiguous evidence for
their involvement is difficult to obtain. Nevertheless, it is likely
that there is a background formation of O,"~ that would react
with NO at a diffusion-controlled rate [30] to form ONOO~
which, by oxidizing Hepes, would lead to more O, ~, more
ONOO, and so on (Figure 6). Adding further complications,
the reaction of ONOO~ with Hepes buffer may also result in the
formation of NO donors with unknown additional reactivity
[31]. Obviously, it would have been desirable to have measured
the rates of formation of O, and/or ONOO~ directly but the
usual methods for doing so result in the consumption of these
species, which would have the effect of inhibiting the reaction
(compare the effects of SOD and uric acid).

The other ingredient found to be responsible for NO con-
sumption was riboflavin, when exposed to laboratory lighting.
The generation of O,’~ by illuminated riboflavin is well docu-
mented [20,32]. Indeed, riboflavin is used to produce O, for
determining the efficiency of O, ~ scavengers [33]. However O,
may not be the only species involved in riboflavin photo-
sensitization. Reactions involving riboflavin are complex, and
light-sensitized riboflavin may also produce singlet oxygen (*O,),
which may further react with organic compounds [34]. Del-
eterious effects of riboflavin on mammalian cells in culture have
been known for many years and have been ascribed to various
mechanisms. Work by Griffin et al. [35] suggested that just 3 h
exposure of riboflavin-containing medium to bench-top levels of
cold white fluorescent light could produce significant toxicity in
a leukaemic cell line. The principal mechanism of phototoxicity
is thought to involve the generation of 'O, and probable
subsequent oxidation of the amino acids tryptophan and tyrosine
[35,36]. It has since been demonstrated that fluorescent light may
cause a build up of toxic H,0, levels in DMEM or RPMI-1640
medium, both of which contain riboflavin [21,37]. In the present
experiments, the SOD-sensitive quench of the NO signal pro-
duced by riboflavin alone (in the light) in Tris buffer increased in
proportion with riboflavin concentration, as expected from a
simple photosensitive generation of O,"”. At the concentrations
found in MEM (11012) the NO quench exerted by riboflavin
(0.1 mg/1) was similar to that produced by Hepes (25 mM),
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implying similar rates of NO consumption (about 209, of the
rate of release from the donor) under these two conditions.
The quench of NO down to undetectable levels observed with the
combination of Hepes and riboflavin (in the light) implies a much
greater than additive effect. This may be explained by there being
disproportionately more O, ~ ultimately available as a result of
its additional formation following Hepes oxidation (Figure 6).

In comparison with the simple combination of Hepes and
riboflavin in the light, complete MEM containing the same
concentrations of these ingredients quenched NO less (809,
versus 1009, with 300 xM DETA/NO), suggesting that other
components of MEM may act as radical scavengers or suppress
radical generation. A likely contributor here is the pH indicator
Phenol Red, which quenches photoexcited riboflavin [38]. At a
lower DETA/NO concentration normally generating about
300 nM NO, however, light exposure effectively eliminated the
NO signal in Hepes-containing MEM (Table 1). Under the same
conditions, other common media (lacking Hepes) behaved simi-
larly, suggesting that, in the light, the riboflavin content alone is
sufficient to consume all the available NO when released at this
rate (approx. 100 nM /min [19]).

Overall, the results point to potential sources of artifact that
may have unwittingly complicated many in vitro studies. Since
the inclusion of Hepes buffer is an option in most standard media
formulations (MEM, RPMI-1640, DMEM) and is inherent in
others (Neurobasal medium) its presence is not always published.
Likewise, as the frequency and intensity of light exposure is
rarely mentioned, it must be assumed that the potential problems
associated with NO being present with either Hepes buffer or
light-exposed riboflavin, despite being deducible from infor-
mation in the literature, are not generally appreciated. The
exaggerated effect of the two together multiplies the potential
problems. The findings with Hepes are likely to apply to other
‘Good’ buffers equipped with a piperazine ring, such as Mops,
Pipes and EPPS [4-(2-hydroxyethyl)-1-piperazinepropane-
sulphonic acid] [25,39], and we suggest that they should be only
used with caution, particularly in experiments with NO.

In the absence of the requisite information, the extent to which
media factors might have generated spurious results in published
studies cannot be evaluated. Blockade of cell death by NO
synthase inhibitors and SOD is typically taken to indicate
mediation by endogenously generated ONOO~. It now becomes
plausible that inadvertent reactions between NO and constituents
of the bathing medium are responsible. Interestingly, the cyto-
toxicity of dopamine has recently been attributed to artifactual
oxidative reactions occurring in tissue-culture media [40],
although the ingredients responsible were not identified. Alterna-
tively, the consumption of NO by the medium may render NO
non-toxic, depending on its fate therein. Whether NO appears to
participate in a toxic (or other) process in cultured cells or not
may depend on a simple experimental variable, such as the choice
of buffer or the degree of exposure to light.

This work was funded by the Sir Jules Thorn Charitable Trust and The Wellcome
Trust. We thank Dr Sophie Duport for helpful discussions and assistance.
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