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Abstract

Introduction: There are conflicting data on the ability of human mononuclear cellsto produce nitric oxide (NO). We investigated nitric
oxide production from peripheral blood mononuclear cells (PBMs) by using a new sensitive fluorescent indicator. Materialsand Methods:
PBMs from healthy volunteers were collected, plated in 96-well microplates, and loaded with the fluorescent nitric oxide probe, 4,5-
diaminofluorescein diacetate (DAF-2DA). Experiments were performed in normal control and endotoxin-stimulated PBMs, with and
without exogenous L-arginine. The exogenous nitric oxide donor S-nitroso-N-acetyl-penicillamine (SNAP) was used as a positive control.
Fluorescence intensity was measured with a fluorescence microplate reader. Results: Nitric oxide production by human PBMs can be
demonstrated by the use of the fluorescent indicator, DAF-2DA, in both control and endotoxin-stimulated conditions. Nitric oxide
production was independent of the concentration of exogenous L-arginine. The addition of endotoxin did not change nitric oxide
production. PBMstreated with SNAP showed a concentration dependent increasein fluorescence. Nitric oxide production over 5 hourswas
constant and identical in both control and stimulated groups. Conclusion: This fluorescent indicator technique is useful for the study of
NO production by human PBMs. Nitric oxide production by PBMs was independent of exogenous L-arginine concentration and was not

affected by endotoxin.
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Introduction

The discovery of nitric oxide as a biomolecule with
important physiological functionhasledtothedevel opment
of various analytical methods*® for its detection and
quantification. To measure nitric oxide generated under
physiological conditions several different fluorimetric
methods which were originally developed for nitrite
(NO,) and nitrate (NO,) determination have been
employed.”® Thesemethodshaveused thearomaticdiamino
compound 2,3-diaminonaphthalene (DAN) asan indicator
of nitric oxideformation. Althoughthe DAN assay ismore
sensitivethan the Griessreaction, it isnot sensitive enough
to quantify nitric oxide productionin cellsexpressing only
the constitutive nitric oxide synthase (CNOS) and it cannot
be used with intact cells because it leaks through cell
membranes after the loading.®

The newer generation of fluorescent indicators,
4,5-diaminofluoresceins (DAF-2), has been devel oped for
real-time and continuous measurements of nitric oxide
production from living cells'® They have been used

successfully in both bovine aortic endothelia cells and a
rodent macrophage cell line (RAW 264.7) to quantify
nitric oxide production.’? The diacetate form (DAF-2DA)
was prepared to improve cellular loading of the probe asit
can readily permeate into cells, where it is hydrolysed by
intracellular esterases to generate DAF-2. The relatively
non-fluorescent DAF-2 reacts rapidly with nitric oxide in
oxygen-containing solution to yield its highly fluorescent
product triazolofluorescein (DAF-2T).

There are conflicting data on the ability of human blood
mononuclear cells to produce nitric oxide.*>**1® We
investigated nitric oxide production by human peripheral
blood mononuclear cells, under normal physiological and
endotoxin-stimulated conditions, using DAF-2DA, the
new sensitive fluorescent indicator technique.

Materials and M ethods

Materials

4,5-diaminofluorescein diacetate (DAF-2DA) was
purchased from Calbiochem-Novabiochem (UK) Ltd.
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(Nottingham, UK). Lipopolysaccharide(L PS) (Escherichia
coli serotypeO55: B5), S-Nitroso-N-Acetyl-Penicillamine
(SNAP), and L-arginine were purchased from Sigma
Chemical (Poole, Dorset, UK). COSTAR flat bottom 96
well microplateswithlow evaporation lidswere purchased
from Fisher Scientific UK (Loughborough, L eicestershire,
UK). Krebs Ringer solution consists of 110 mM NaCl,
5 mM KCl, 1.25 mM MgSO,, 16 mM NaHPO,, 4 mM
NaH,PO,, 0.5 mM CaCl,, and 5 mM D-Glucose (pH 7.4).

Methods

Human peripheral blood mononuclear cells (PBMs)
were used to detect the nitric oxide production with DAF-
2DA. Ceélls were prepared by a density centrifugation
technique with Histoplague (Sigma, Poole, UK) from the
heparinised blood of normal volunteers, and from
heparinised blood incubated with 0.5 pg/mL Escherichia
coli lipopolysaccharide for 12 hours. PBMs were washed
twice with Krebs' solution, and contaminated red blood
cellswerelysed with sterile water. After cell counting and
viahility assessment with trypan blue, both L PS-stimul ated
and non-stimulated human PBM swere plated on a96 well
microplate at the concentration of 1 x 10° cells per well, (2
x 10° cells per well for experiments with SNAP), for the
detection of the fluorescent response, and kept at 37°Cina
95%0,/5%CO, atmosphere for 2 hours to make the cells
adherent to the wells. The cellswere subsequently washed
twice with Krebs solution to remove non-adherent cells,
then 200 mL of Krebs solution with DAF-2DA (10 uM),
and arange of concentrations of L-arginine were added to
the wells.

Endogenous nitric oxide production was measured by
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Fig. 1. Nitric oxide-induced fluorescence in human PBMs, with various concentrations
of extracellular L-arginine. Results from non-stimulated, and 12-hour LPS-stimulated
cells are shown. Fluorescence intensity was measured after 60 min incubation with 10
1M DAF-2DA. All data are mean + SD (n = 6).
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the fluorescent intensity response by the human PBMs
without the addition of extracellular L-arginine. Thenitric
oxide production after the addition of extracellular
L-arginine was measured by the fluorescence intensity
after the addition of 10 uM to 2 mM L-arginine. The
response of human PBMs to exogenous SNAP (6.25 to
250 uM) was & so measured as a positive control.

Thefluorescencewasmeasured onehour after incubation
with DAF-2DA with a fluorescence microplate reader
(Titertek Fluoroskan I, Labsystems Group UK Ltd,
Basingstoke, Hampshire, UK), calibrated for excitation at
485 nm and emission at 538 nm.

The study of effects of time on nitric oxide production
was performed with both LPS-stimulated and non-
stimulated human PBMs. Cells were prepared as before,
and DAF-2DA wasaddedto afinal concentration of 10 uM
with or without L-arginine (1 mM) to each well with one
hour interval period. The plates were read with the
Fluoroskan Il at one hour intervals.

Results

Figure 1 shows the relationship between nitric oxide
production and the exogenous concentration of L-arginine.
Nitric oxide production from both control and stimulated
cells was independent of exogenous L-arginine
concentration. Although the mean value of mean
fluorescence intensity (MFI) from LPS-stimulated cells
was found to be higher than that of control cells at every
concentrationof L-argininetested, nostatistically significant
difference was found between the groups because of the
variability of the stimulated cell group.

Figure 2 shows the relationship between fluorescence
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Fig. 2. Effectsof variousconcentrationsof SNAP on fluor escencegeneration. Fluorescence
intensity wasmeasured after 60 minincubationwith 10 uM DAF-2DA. All dataaremean
+ D (n=6).
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Fig. 3. Time course of fluorescence intensity of DAF-2DA by NO release from human
PBMs, and Krebs' solution with DAF-2DA. All data aremean + SD (n = 6).

intensity from PBMs (2x 10° cells/well) and SNAP.

Figure3showstheeffect of timeonnitricoxideproduction
in control and endotoxin-stimulated cells. Mean
fluorescence intensity increased linearly with timein both
cell groups, while the response of Krebs solution with
DAF-2DA did not change with time.

Discussion

Nitric oxide production by human PBMs was clearly
demonstrated in this study. The nitric oxide production
appears to be independent of extracellular L-arginine
concentrations, and is unchanged by prior 12-hour
incubation with Escherichia coli lipopolysaccharide. The
SNAP assay was included in this study to ensure that
fluorescence expressed from human PBMs could be
mimicked with an exogenous nitric oxide donor.

Kojimaet al*° have used DAF-2DA to demonstratenitric
oxide production in activated rat aortic smooth muscle
cells using fluorescence microscopy. They demonstrated
that fluorescence intensity in endotoxin- and cytokine-
activated cellsincreased due to DAF-2T production from
DAF-2 by reaction with nitric oxide, and was suppressed
by the addition of N-monomethyl-L-arginine. Nakatsubo
et al2 al so used the techni que to demonstrate an endotoxin-
induced increase in nitric oxide production in the mouse

macrophage cell line RAW 264.7. However, rodent cells
are known to produce considerably more nitric oxide in
response to lipopolysaccharide stimulation than human
cells.

The nitric oxide production from human PBMs has been
investigated using arangeof techniques(reviewed in detall
by Weinberg®). In studies using mononuclear cells or
purified monocytes, nitric oxide production measured by
nitrite release into the culture medium or a variety of
bioassays have produced conflicting results, with the
majority demonstrating nitric oxide production,***> but
severa studiesfail to demonstrate any production.®!® This
partially may be due to inadequacies of the available
analytic techniques coupled with alow level of basal and
induced nitric oxide production in human monocytes. The
commonly used Griess assay has alimited sensitivity and
measuresonly nitrite, underestimating thetotal nitric oxide
metabolites which in oxygen-rich environments include
nitrate. Unless anitrate to nitrite conversion is used, nitric
oxide production will be underestimated.

The fluorescence technique appears to be sensitive,
detecting basal nitric oxide production in non-stimulated
PBMs. Although absolute quantification of nitric oxide
cannot be made using this technique, the use of micro-
molar concentrationsof SNAPasapositivecontrol suggests
the technique is sensitive.

In this study E. coli lipopolysaccharide stimulation of
human PBMs did not cause an increase in nitric oxide
production compared to non-stimulated PBMs. Since the
induction of inducible nitric oxide synthase (iINOS) hasnot
been universally documented in monocytes,*® the control
of expression and subsequent regulation of iNOS activity
in human monocytes is unclear. However, constitutive
endothelium nitric oxide synthase (cNOS) has been
documented in human monocytes'” and this may explain
the detection of nitric oxide production from control non-
stimulated human mononuclear cell group. Therefore,
elevated nitric oxide production in septic shock may come
from other sources, not from human mononuclear cells.

Human nitric oxide production has been recently
investigated in patients with septic shock from cellulitis.
Thisstudy hasshownincreasediNOSactivity frominfected
tissues but not in adjacent normal tissues.*® It may imply
that INOS expression is not widespread and isrestricted to
the nidus of infection. The mechanism to produce sepsis-
like condition in in vitro cell studies, by using
lipopolysaccharide from gram-negative bacteria, may not
beresponsiblefor theoverall host responseduring endotoxic
shock.®*Therefore, further studiesinthisareafromclinical
human septic patients are still needed. This study used
monocytes, but there is no reason why the same technique
cannot be used on any tissue types that can be obtained at
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operation or by biopsy. This would alow study of nitric
oxide production in tissues remote from the infection and
allow the source of the excess nitric oxide metabolites
found in sepsisto belocated. Oncethetissuesthat produce
the excess nitric oxide have been located, the exact
mechanism underlying the increase can be determined.

Insummary, thisfluorescentindicator techniqueisuseful
for thestudy of nitric oxideproduction by human peripheral
blood mononuclear cells. Nitric oxide production by human
peripheral blood mononuclear cells was independent of
exogenous L-arginine concentration and was not affected
by endotoxin. Thistechnique could also beused to quantify
nitric oxide concentration in cell culture medium and to
localise nitric oxide production within cells.

Acknowledgements

The authors thank W Brownsill for technical advice and
assistance, and Dr SV Hunt at Sir William Dunn School of
Pathology, University of Oxford, UK for the use of the
Fluoroskan plate reader. Dr Toomtong was supported by a
study grant from the Faculty of Medicine Siriraj Hospital,
Mahidol University, Bangkok, Thailand.

REFERENCES

1. Reiling N, Ulmer A J, Duchrow M, Ernst M, Flad H D, Hauschildt S.
Nitric oxide synthase: mRNA expression of different isoformsin human
monocytes/macrophages. Eur J Immunol 1994; 24:1941-4.

2. Amin A R, Attur M, Vyas P, Leszczynska-Piziak J, Levartovsky D,
Rediske J, et al. Expression of nitric oxide synthase in human peripheral
blood mononuclear cells and neutrophils. J Inflamm 1997; 47:190-205.

3. Harwix S,AndreesenR, Ferber E, Schwamberger G. Human macrophages
secreteatumoricidal activity distinct from tumour necrosis factor-o and
reactive nitrogen intermediates. Res Inmunol 1992; 143:89-94.

4. Goode H F, Howdle P D, Walker B E, Webster N R. Nitric oxide
synthase activity isincreased in patients with sepsis syndrome. Clin Sci
1995; 88:131-3.

5. SmitsGJM, LefebvreR A. Evaluation of an el ectrochemical microprobe

for direct NO measurement in the rat gastric fundus. J Pharmacol
Toxicol Methods 1997; 37:97-103.

NO Production by Blood Mononucleocytes—P Toomtong & J D Young

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

273

Komarov A M, Lai C S. Detection of nitric oxide production in mice by
spin-trapping electron paramagnetic resonance spectroscopy. Biochim
Biophys Acta 1995; 1272:29-36.

MilesA M, Wink D A, Cook JC, Grisham M B. Determination of nitric
oxideusing fluorecence spectroscopy. M ethodsEnzymol 1996; 268:105-
20.

MarzinzigM, Nussler A K, Stadler J, Marzinzig E, Barthlen W, Nussler
N C, et a. Improved methods to measure end products of nitric oxidein
biologica fluids: nitrite, nitrate, and S-nitrosothiols. Nitric Oxide 1997;
1:177-89.

KojimaH, Sakurai K, Kikuchi K, Kawahara S, Kirino Y, Nagoshi H, et
al. Development of a fluorescent indicator for the bioimaging of nitric
oxide. Biol Pharm Bull 1997; 20:1229-32.

KojimaH, Sakurai K, Kikuchi K, Kawahara S, Kirino Y, Nagoshi H, et
al. Development of afluorescent indicator for nitric oxide based on the
fluorescein chromophore. Chem Pharm Bull 1998; 46:373-5.

KojimaH, Nakatsubo N, Kikuchi K, Kawahara S, Kirino Y, Nagoshi H,
et a. Detection and imaging of nitric oxide with novel fluorescent
indicators: diaminofloresceins. Anal Chem 1998; 70:2446-53.

Nakatsubo N, KojimaH, Kikuchi K, Nagoshi H, HirataY, MaedaD, et
a. Direct evidence of nitric oxide production from bovine aortic
endothelial cellsusing new fluorescenceindicators: diaminofluoresceins.
FEBS Letters 1998; 427:263-6.

Weinberg J B. Nitric oxide production and nitric oxide synthase type 2
expression by human mononuclear phagocytes: A review. Mol Med
1998; 4:557-591.

Hunt N C, Goldin R D. Nitric oxide production by monocytes in
acohalic liver disease. J Hepatol 1992; 14:146-50.

Kim C, Schinkel C, Fuchs D, Stadler J, Walz A, Zedler S, et al.
Interleukin-13 effectively down-regulates the monocyte inflammatory
potential during traumatic stress. Arch Surg 1995; 130:1330-6.

Condino-Neto A, MuscaraM N, Bellinatipires R, Carneiro-Sampaio M
M, Brandao A C, Grumach A S, et al. Effect of therapy with recombinant
human interferon-gamma on the release of nitric oxide by neutrophils
and mononuclear cell sfrom patientswith chronic granulomatousdisease.
J Interferon Cytokine Res 1996; 16:357-64.

CaloL, DavisP A, Milani M, Antonello A, Cantaro S, D’ Angelo A, et
al. Constitutive endothelial nitric oxide synthase (ecNOS) gene
expression in human monocytes. Angiology 1998; 49:419-22.
Annane D, Sanquer S, SebilleV, Faye A, Djuranovic D, Raphael JC, et
al. Compartmentalised inducible nitric-oxide synthase activity in septic
shock. Lancet 2000; 355:1143-8.

AmuraC R, Silverstein R, Morrison D C. Mechanisms involved in the
pathogenesis of sepsis are not necessarily reflected by in vitro cell
activation studies. Infect Immun 1998; 66: 5372-8.

May 2001, Vol. 30 No.3



