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Abstract—In the present investigation, a method of studying the maximal rate of superoxide anion
(O, 7) production in immobilised human neutrophils using a microtiter plate technique has been
developed. The rate of O, ~ production was determined from the rate of reduction of cytochrome (III)
C, studied as the increase in absorbance at 550 nm. The protein kinase C activator, phorbol 12-myristate
13-acetate, was used to stimulate O, ~ production. Neutrophils were evenly immobilised as a monolayer
to microtiter culture plates to provide a reproducible exposure to the medium. Phorbol ester stimulated
O, - production was inhibited by staurosporine, a well-known inhibitor of protein kinase C, and by
diphenylene iodonium, a potent NADPH-oxidase inhibitor, with 1Csy-values in this assay of 20 and
220 nm, respectively. The extracellularly produced O, - was removed by superoxide dismutase with a
half maximal effect of 0.6 ug/mL. The maximal production rate of O, ~ could therefore be estimated
by addition of 20 ug/mL superoxide dismutase. Several antioxidants, including butylated hydroxytoluene,
nordihydroguairetic acid, probucol and a-tocopherol, were studied and showed neither an effect on
O, ~ production nor a scavenging effect. This new method was highly reproducible, and the continuous
measurement of O, ~ production was very useful for validating the effect of inhibitors. The developed
microtiter technique using immobilised cells has a large capacity and allows different compounds to be
tested under comparable conditions, since they are exposed to the cells in a similar way. This is also
the first test model which describes O, = production as the maximal rate of cytochrome (III) C
reduction.
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Human neutrophils are implicated as mediators of
tissue destructive events in several inflammatory
diseases, including rheumatoid arthritis [1], myo-
cardial reperfusion injury [2], respiratory disorders
{3] and ulcerative colitis [4]. Among the important
active substances released by neutrophils are oxygen
reactive species such as O, ~ and hydrogen peroxide
(H,O;1). Even though these cells produce radicals
and other bactericidal substances in order to defend
the host from infection, situations where the host
itself is damaged may also occur [5]. In wvivo
neutrophils are activated by substances that bind to
receptors located on the cell surface, among
which are the bacterial toxins. Most bacteria
are phagocytosed and digested, and bactericidal
substances are then released into the neutrophil
phagocytic vacuole. In some cases, these toxic
chemicals are released into the plasma where they
might injure the host tissue. It is less probable that
O, ~ is a mediator of general tissue injury, since it
will not reach far in plasma because it reacts with
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+ Abbreviations: PKC, protein kinase C; O, ~, superox-
ide anion; H,0,, hydrogen peroxide; DMSO, dimethyl
sulfoxide; NDGA, nordihydroguairetic acid; DIPHI,
diphenylene iodonium; BHT, butylated hydroxy toluene;
SOD, superoxide dismutase; PMA, phorbol 12-myristate
13-acetate; PBS, phosphate buffer saline; EtOH, ethanol.

blood components and has a high self-dismutation
rate. Superoxide anions in neutrophils are produced
by the respiratory burst enzyme, NADPH-oxidase
[6]. It is well known that O, ~ production is linked
to the activation of a phospholipid-dependent,
calcium-activated PKC, which phosphorylates sev-
eral intracellular proteins. A 46 kDa protein involved
in this reaction has recently been identified [7, 8].
The production of O, ~ in neutrophils occurs via
two one-electron transfers to molecular oxygen in
the NADPH-oxidase system [9, 10]. Reduction of
cytochrome (III) C, determined as the increase in
absorbance at 550 nm, where reduced cytochrome
C has a maximum, is a common in vitro method for
detection of Oy ~ [11,12]. In the present study,
O, ~ production has been monitored as the maximal
rate of cytochrome (III) C reduction.

We have adapted this method for microtiter plate
reading and continuous recording of the rate of O, ~
production, using immobilised neutrophils. On the
basis that stimulation of PKC is the major inducer
of O, ~ production, the phorbol ester PMA, which
is a fast activator of PKC, was used to trigger the
production of O, ~ [13]. O, ~ production was
defined as the cytochrome (III) C reduction which
could be inhibited by SOD [13]. It was therefore
expected that staurosporine, a well-known PKC
inhibitor [14] and DIPHI, a NADPH-oxidase
inhibitor [15], inhibit O, ~ production. Vitamin E
may inhibit PKC activity in addition to its
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antioxidative effect [16]. Thus, it was of interest to
investigate the effect of a~tocopherol and some other
chain-breaking antioxidants, including probucol,
BHT and NDGA.

MATERIALS AND METHODS

Chemicals and materials. Superoxide dismutase

(CuZnSOD lot No. 11561220-23, 6100 U/mg) from
bovine erythrocytes was purchased from Boehringer
Mannheim GmbH (Mannheim, Germany), stau-
rosporine from Fluka Biochemica (Buchs, Swit-
zerland), NaCl and DMSO from Merck (Darmstadt,
Germany), Percoll® from Pharmacia LKB Biotech-
nology (Uppsala, Sweden) and PMA, horse heart
cytochrome (IIT) C, tryphan blue, a-D(+)-glucose,
BHT, NDGA and a-tocopherol were from Sigma
Chemicals Co. (St Louis, MO, U.S.A.). Probucol
and DIPHI were a kind gift from Dr T. Carew,
Dept of Medicine, UCSD (San Diego, CA, U.S.A.)
and Dr A. Cross, Scripps Clinic (La Jolla, CA,
U.S.A.g, respectively. Dulbecco’s PBS with Mg**
and Ca** was purchased from Biological Industries
(Kibbutz Beth Haemek, Israel) and EtOH, 99.5%,
was from Kemetyl (Stockholm, Sweden). All water-
soluble reagents were dissolved in water which was
deionized and filtered in a Milli-RO®, Millipore
Corporation (Bedford, MA, U.S.A.) and further
purified on an Elgastat UHP system, Elga Ltd (High
Wycombe, U.K.). ICM-Linbro tissue culture multi-
well plates for cell culture (cat No. 76-008-04) were
from Flow Laboratories (Rickmansworth, U.K.).
Vacutainer tubes containing ethylenediamine tetra-
acetic acid (15%) were from Becton Dickinson
(Meyland, France).

Preparation of human neutrophils. Human blood
from 1 to 3 healthy donors was collected in
Vacutainer tubes. Neutrophils were prepared at
room temperature and used within 3 hr and prior to
the experiment the cells were slowly shaken to
avoid aggregation and sedimentation. Following
centrifugation, 1000 g for 10 min, the platelet-rich
plasma was removed and the buffy coat, including
leukocytes, was collected and diluted in 0.5% NaCl.
Remaining red cells were lysed by addition of 30 mL
distilled water to a 10 mL cell suspension for 1 min,
and the lysate was brought back to physiological sait
concentration by addition of 10 mL 3.6% NaCl, and
then centrifuged at 250 g for 10 min. The pellet was
dissolved in 1-2 mL 0.9% NaCl and put on top of a
Percoll® gradient solution designed for separation
of neutrophils. The densities of the Percoll® solutions
were 1.0063 g/cm® and 1.0075 g/cm®. 3 mL of each
density solution was used to purify neutrophils from
approximately 30 mL blood concentrated to 1-2 mL.
Following centrifugation at 850g for 10 min, the
intermediate neutrophil band was collected and
subjected to a second lysis, as described above, and
centrifuged at 250g for 10min. The pellet was
resuspended in Dulbecco PBS buffer with 5.6 mM
glucose. Cell viability was checked by counting in a
Biirker chamber, using 0.25% (w/v) tryphan blue
diluted 1:1 with cell suspension.

Experimental conditions and analysis. Neutrophils
were immobilised to the 96-well microtiter plate by
incubation of 250 uL of 1.2 x 10° cells/mL per
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culture well for 1hr under oxygen with 5% CO,,
37°, pH7.4 in the presence of 120 uM cytochrome
(III) C (Fig. 1). After incubation the compounds to
be tested were added in 25 yL. volumes, and the
experiment was started by addition of 25 ul. PMA.
In the final assay, the volume of the reaction
mixture was 300 uL with 0.4 ug/mL PMA, 100 uM
cytochrome (III) C and 1x 105 cells/mL. The
production of O, ~ was measured continuously at
37° for 2 hr, as the increase in absorbance at 550 nm
on a Vi, kinetic microplate reader from Molecular
Devices (Menlo Park, CA, U.S.A.). The exper-
imental calculations were expressed as the mean
of eight determinations. Every microtiter plate
contained reference determinations with only PBS,
only cytochrome (III) C and both cells and
cytochrome (III) C, to which no PMA was added.
Compounds which showed a positive effect in the
test system were tested with cytochrome (IIT) C in
the absence of cells. All additions were made with
an 8-channel pipette except for the addition of PMA
where the repetitive Eppendorf Multipette® pipette
was used. This was especially tested and found to
be the best way to induce a fast PMA response.

Preparation of substances. All compounds except
cytochrome (III) C and DIPHI were dissolved in
EtOH and further diluted in PBS. The scheme for
dilution of a-tocopherol and probucol was 120 mM
(99.5% EtOH), 1.2 mM (50% EtOH) and 0.12 mM
(10% EtOH). BHT and NDGA were dissolved to
120mM (99.5% EtOH) and further diluted to
1.2 mM in PBS. Staurosporine 2 mM (99.5% EtOH)
was sonicated and diluted to 0.2 mM (99.5% EtOH)
and finally to 2 uM in PBS. DIPHI, 1 mM was kept
in dry DMSO and further diluted to 120 uM in PBS.
Cytochrome (III) C and SOD were dissolved in
PBS. PMA (stock solution in EtOH, 1 mg/mL) was
diluted to 4.8ug/mL in PBS giving a final
concentration of 0.4 ug/mL. The concentration of
each compound used in the assay was as indicated
in the figures. Dissolving the compounds as above
gives rise to maximal final EtOH and DMSO
concentrations of 0.8% (v/v) and 1% (v/v),
respectively.

Cualculations and statistics. The absorbance, A,
was determined at 550 nm, every 22 sec for 2 hr, and
the absorbance values from eight wells were
averaged. The rate, d4/dz, was calculated from the
averaged absorbance readings over time. Through
computerised linear regression, a straight line was
fitted to each averaged absorbance value and 10
values preceding and 10 values following that value.
The slope of the fitted line was used as the rate for
that absorbance value. This analysis was repeated
for all averaged absorbance values except for the
first and last 10 values. All rates were measured at
the time of the maximal rate in the experiment with
the PMA-activated neutrophils, with no drug added.
The determined rates in the presence of various
compounds were normalised relative to the rate for
PMA versus the rate obtained in the presence of
20 ug/mL SOD. All values were compared within
the same microtiter plate. The ICsy values were
calculated by fitting the equation (dA/df)/(dA/
A max = 1/(1 + [drug]/1Csg)”, with no fixed slope (n),
to the averaged experiments, and the correlation
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Fig. 1. Neutrophils immobilised on the microtiter plate used for activation of superoxide anion
production. The cell size was on average 3.2 um (marker represents 18 ym).
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Fig. 2. Absorbance values in the presence of PMA-

activated neutrophils and cytochrome (III) C and following

addition of SOD. Mean values of eight determinations
from one representative experiment.

coefficient, 7%, was determined. Values shown
represent means = SD or =SEM (indicated).

RESULTS

One hour’s preincubation of neutrophils dissolved
in PBS buifer at 37° and pH 7.4 showed a confluent
and homogeneous layer of cells on the microtiter
culture plate (Fig. 1). The viability of the immobilised
cells on the culture plate was >95% for at least 3 hr.

The absorbance for the control determinations (see
Materials and Methods) was not changed during the
length of the experiment (data not shown). The
average maximal rate of O, ~ production at the time
7 + 0.9 min (SEM), n =20, was 15 + 3.8 0.D./min
(SEM), n =20, estimated from different cell
preparations in the presence of 0.4 ug/mL PMA.
Absorbance values after 120 min determined for a
typical experiment including controls with PBS,
cytochrome (III) C and neutrophils are shown in
Fig. 2. Addition of neutrophils to the microtiter
plate showed an absorbance value of 0.20.D.
Further addition of cytochrome (III) C to the cells
increased the absorbance to 1.0 (Fig. 2). This effect
was not changed following addition of 20 ug/mL
SOD (data not shown). In the presence of PMA,
the absorbance values increased from 1.0 Q.D. at
time zero to approximately 1.5 O.D. after 2 hr (Fig.
2). These values are well within the microtiter
reading range. The time course for the absorbance
and dA/d¢ values following two hour’s activation
with PMA, and in the presence of different
concentrations of SOD, are shown in Fig. 3A and
B. SOD potently scavenged extra cellular O, ~ with
a half-maximal effect of 0.6 ug/mL, n = 4 (Fig. 4).
The value for the half-maximal effect of SOD was
calculated by regression analysis (see Calculations
and Statistics). A SOD concentration of 20 ug/mL
was therefore used to inhibit O, ~ production to
more than 95% (Fig. 4).

High concentrations of added SOD to the PMA-
activated cells decreased the absorbance at 500 nm
to 0.70.D., which is below the absorbance of
0.9 O.D. found initially (Fig. 3A). However, when
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Fig. 3. Effect of SOD on O, production. (A).

Representative experiment with 10 different concentrations

of SOD expressed in pg/mL; 0, 0.05, 0.5, 2.5, 5.0, 10, 20,

40, 80 and 160 from top to bottom, respectively. (B) Rate

of O, ~ production of six traces from the experiment shown

in panel A 0.0 (a), 0.05 (b), 0.5 (c), 2.5 (d), 5.0 (e) and
160 (f) pug/mL.
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Fig. 4. Effect of SOD on the maximal rate of O, "~

production (dA/df). Values normalised against rate without

SOD minus rate with 20.0 ug/mL SOD. The best fit to the

described equation (see Calculations and Statistics) showed

an ICs of 0.6 ug/mL and a slope of 0.8. Estimates were

from four experiments, where each value represents the
mean of eight determinations.

SOD was added together with cytochrome (IIT) C
in the absence of cells, no such effect was found.
When H,0, was added, the absorbance decreased
even more, an effect also found in the absence of
cells. The spectrum of cytochrome C at 550 nm
showed that a small amount of its reduced form was
present (data not shown). In the presence of high
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Fig. 5. Effect of staurosporine (A) and DIPHI (B) on the
maximal rate of O, ~ production. Values normalised
against rate with no drug minus rate with 20.0 yg/mL SOD.
The best fit to the described equation (see Calculations
and Statistics) showed an 1Cs; of 20 nM and n of 0.90 (#* =
0.95) for staurosporine and an 1Cs, of 220 nM and n of 1.6
(#=099) for DIPHI. Estimates were from four
experiments, where each value represents the mean of
eight determinations.

concentrations of staurosporine and DIPHI, there
was no decrease in absorbance (data now shown).

As mentioned in Calculations and Statistics, the
effect of added compounds was evaluated as changes
in the maximal rate of O, - production, which
occurred approximately within 10 min after addition
of PMA. The PMA-induced O, ~ production was
potently inhibited by both staurosporine and DIPHI,
with ICsg-values of 20 and 220 nM, n = 3, respectively
(Fig. 5A and B).

The chain-breaking antioxidants, including BHT
(10-100 uM), probucol (10 uM), a-tocopherol
(10 uM) and NDGA (100 uM) are all well-known
inhibitors of lipid peroxidation, but showed no effect
on O, ~ production (data not shown). There was
also no direct effect of the tested compounds on
cytochrome (IIT) C. Addition of 100 uM ascorbate
increased the absorbance of cytochrome (III) C,
both in the absence and the presence of neutrophils
and PMA (data not shown).

DISCUSSION

Most of the increased oxygen uptake in neutrophils
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is used to form O, ~, which is the major intermediate

in the formation of H,O, [10,11]. The tumour

promoter PMA has been described as a strong

stimulus for neutrophils, since it activates degranu-

lation, aggregation and superoxide anion formation
2

The O, ~ produced was efficiently scavenged with
20 yg/mL SOD, which corresponded to inhibition
of >95% of the PMA-induced maximal production
of Oy~ (Fig. 4). This concentration has been used
to define the maximal O, ~ production. SOD had
no effect in the absence of PMA. The fast reduction
of 100 uM cytochrome (III) C by 100 uM ascorbic
acid is caused by differences in the redox potential,
260mV compared with 58mV, for the two
compounds [17]. Cytochrome (II} C is also rapidly
oxidised by H,O, (E, = 1770 mV) [18] and, since
SOD had no direct effect on cytochrome (III) C, it
is likely that the detected negative dA/dt-value is
caused by the oxidation of H,O,. That assumption
was supported by the presence of a small amount of
cytochrome (II) C, which could be further oxidised.
An oxidative effect of H,O, has also been suggested
earlier [11]. Neither staurosporine nor DIPHI could
reduce or oxidise cytochrome (III) C. The return of
the O,  ~ production rate to zero after approximately
100 min following addition of PMA (Fig. 3), cannot
be due to limitations in the maximal absorbance of
the microtiter reader, but to a depletion of PMA or
to a complete reduction of cytochrome (III) C.

Using determination of O, ~ production in this
system it is not possible to establish on which levels
the compounds act. However, using other methods
to determine O, ~ production in the absence of cells
like the xanthine—xanthine-oxidase method [19] it is
possible to perform complementary studies. As
expected, both staurosporine and DIPHI inhibited
the rate of O, ~ production. The determined 1Csy-
values corresponded well with the reported effects
as specific inhibitors of PKC [14] and of NADPH-
oxidase [15]. Therefore, one may suspect that
staurosporine and DIPHI in this system induced
their action on PKC and NADPH-oxidase. Even
though ordinary chain-breaking antioxidants may,
theoretically, also interact with the production of
O, ~ by donation of hydrogen, thereby terminating
the radical reaction, they are mainly effective as
terminators of lipid radicals [20]. Therefore, it was
of interest to examine whether these antioxidants
inhibit O, ~ production by other mechanisms, such
as interaction with PKC or NADPH-oxidase. Such
effects have been suggested for ebselen [21].
However, the antioxidants tested, including a-
tocopherol, BHT, NDGA and probucol, showed no
detectable effect in our experimental model.
Recently, vitamin E has been suggested as a PKC
inhibitor [16]. In these studies, detectable effects
were found in concentrations around 100 uM, which
is 5 to 10 times more than the normal plasma
concentration of vitamin E, and also 10 times more
than used in the present study. However, the
effective concentration of vitamin E in cells and
tissues can, due to its lipophilicity, be much higher
[22]. Since 100 uM a-tocopherol was difficult to
dissolve, further studies using the salt of vitamin E
are currently being performed.
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The experiments performed in this system using
neutrophils immobilised to microtiter plates are
reproducible and were acceptable regarding both
intra- and inter-batch variations. All situations where
a positive result was found were backed up with
controls, showing that the compound did not react
directly with cytochrome (IIT) C.

The continuous calculation of dA/ds-values,
as described in Calculations and Statistics, has
advantages over other methods using the same
detector molecule, since this method seems to be
more sensitive (compare Figs 2 and 4). It may
therefore be concluded that this method is more
relevant since changes in O, ~ production can be
detected more easily. There are also major
advantages with the adaptation of the method to
microtiter plates. The cells are immobilised on the
microtiter cell culture plate in a monolayer on a
defined surface, allowing each interacting substance
to be exposed to each individual cell and not to
aggregates of cells, which may be the case in a
solution. Moreover, the microtiter plate procedure
appears to be specially suited to handle multiple
samples, since it only requires small amounts of
neutrophils and reagents. Another important aspect
is that it can be automated and the result evaluation
can be efficiently computerised.

Acknowledgements—We thank Dr J. Deinum for valuable
comments and for being helpful in answering questions
regarding the manuscript.

REFERENCES

1. Cencetti AM, De Martino M, Graziani E, Maddali
Bongi S, Palermo C, Pavari E and Zoppi M, Superoxide
anion production by circulating polymorpho-nuclear
leucocytes in rheumatoid arthritis. Clin Rheumatol 9:
51-55, 1990.

2. Bell D, Jackson M, Nicoll JJ, Millar A, Davies J
and Muir AL, Inflammatory response, neutrophil
activation, and free radical production after acute
myocardial infarction: effect of thrombolytic treatment.
Br Heart J 63: 82-87, 1990.

3. Jackson RM, Veal CF, Alexander CB, Brannen AL
and Fulmer JD, A potential role for free radicals in its
pathogenesis. Am Rev Respir Dis 137: 1165-1171,
1988.

4. Malech HI and Gallin JI, Neutrophils in human
diseases. N Engl J Med 317: 687-694, 1987.

5. Weiss SJ, Tissue destruction by neutrophils. N Engl J
Med 320: 365-376, 1989.

6. Segal AW and Abo A, The biochemical basis of the
NADPH oxidase of phagocytes. Trends Biochem Sci
18: 43-47, 1993.

7. Ohtsuka T, Okamura N and Ishibashi S, Involvement
of protein kinase C in the phosphorylation of 46 kD
proteins which are phosphorylated in parallel with
activation of NADPH oxidase in intact guinea-pig
polymorphonuclear leukocytes. Biochim Biophys Acta
888: 332-337, 1986.

8. Ohtsuka T, Ozawa M, Katayama T, Okamura N and
Ishibashi S, Further evidence for the involvement of
the phosphorylation of 46K protein(s) in the regulation
of superoxide anion production in guinea pig
polymorphonuclear leukocytes. Arch Biochem Biophys
260: 226-231, 1988.

9. Babior BM, Curnutte JC and McMurrich BJ, The
particulate superoxide-forming system from human
neutrophils. Properties of the system and further



1972

10.

11.

12.

13.

14.

15.

evidence supporting its participation in the respiratory
burst. J Clin Invest 58: 989-996, 1976.

Baggiolini M and Wymann MP, Turning on the
respiratory burst. Trends Pharmacol Sci 15: 69-72,
1990.

Turrens JF and McCord JM, How relevant is the
reoxidation of ferrcytochrome C by hydrogen peroxide
when determining superoxide anion production? FEBS
Lett 227: 43-46, 1988.

Goldstein S, Michel C, Bors W, Saran M and Czapski
G, A critical reevaluation of some assay methods for
superoxide dismutase activity. Free Rad Biol Med 4:
295-303, 1988.

Korchak HM, Vienne K, Rutherford LE, Wilkenfeld
C, Finkelstein MC and Weissmann G, Stimulus
response coupling in the human neutrophil, II.
Temporal analysis of changes in cytosolic calcium and
calcium efflux. J Biol Chem 259: 4076-4082, 1984.
O’Flaherty JT and Jacobson D, Protein kinase C
blockers and neutrophil receptors for leukotriene B,.
Biochem Biophys Res Commun 163: 1456-1460, 1989.
Cross AR and Jones OT-G, The effect of the inhibitor
diphenylene iodonium on the superoxide generating
system of neutrophils. Specific labelling of a component
polypeptide of the oxidase. Biochem J 237: 111-116,
1986.

16.

17.

18.
19.

20.

21.

22.

P. BJORQUIST, M. PALMER and B. EK

Mahonney CW and Azzi A, Vit E inhibits protein
kinase C activity. Biochem Biophys Res Commun 154:
694-697, 1988.

Wood PM, The two redox potentials for oxygen
reduction to superoxide. Trends Biochem Sci 12: 250—
251, 1987.

Fasman GD, Handbook of Biochemistry and Molecular
Biology. CRC Press Inc, Boca Raton, FL, 1976.
Fridowich I, Xanthine oxidase. In: CRC Handbook of
Methods for Oxygen Radical Research (Ed. Greenwald
RA), pp. 51-53. CRC Press, Boca Raton, FL, 1985.
Halliwell B and Gutteridge JM, The superoxide theory
of oxygen toxicity. In: Free Radicals in Biology and
Medicine, pp. 136-176. Clarendon Press, New York,
1989.

Cortgreave IA, Duddy SK, Kass EN, Thompson D
and Moldeus P, Studies on the antiinflammatory activity
of ebselen. Ebselen interferes with granulocyte
oxidative burst by dual inhibition of NADPH-oxidase
and protein kinase C? Biochem Pharmacol 38: 649-
656, 1989.

Burton GH and Ingold KU, Vitamin E: applications
of the principles of physical organic chemistry to the
exploration of its structure and function. Acad Chem
Res 19: 194-201, 1986.



