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Abstract

Activated polymorphonuclear neutrophils may damage tissues through the release of biochemical mediators. Among them, peroxynitrite

is responsible for hydroxylation reactions and nitration of proteins, or is metabolised into nitrate. We investigated the effect of propofol on the

production of reactive oxygen species, the nitration of proteins and the formation of nitrate by activated human polymorphonuclear

neutrophils. Propofol dose-dependently inhibited chemiluminescence, nitration of proteins and nitrate production in a concentration range

from 10� 3 to 10� 6 mM. A significant correlation was observed between the logarithm of propofol concentration and the intensity of

chemiluminescence (r2 = 0.90), the nitration of proteins (r2 = 0.67) and the production of nitrate (r2 = 0.79). Those results are consistent with

the scavenging effect of propofol on peroxynitrite and could confer a protective property to propofol in pathological situations involving

polymorphonuclear neutrophils activation.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction clear neutrophils play also a key role in innate immunity.
There is a growing body of evidence that uncontrolled

activation of polymorphonuclear neutrophils substantially

contributes to tissue damage associated with ischaemia and

reperfusion, severe trauma and other pathological states

including inflammatory processes, sepsis, acute pulmonary

failure and degenerative disorders (Chang et al., 2002;

Fujishima and Aikawa, 1995; Huang et al., 2002; Santos-

Silva et al., 1995). Besides polymorphonuclear neutrophils

activation, nitric oxide is also produced by neuronal, glial

and endothelial cells in traumatic and ischaemic injuries of

the central nervous system, and is responsible for secondary

insult, partially attributed to the production of peroxynitrite

(Bolanos and Almeida, 1999; Liu et al., 2000).

Inhibition of polymorphonuclear neutrophils activation

to protect cells against those deleterious effects may appear

as a double-edged sword because activated polymorphonu-
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Hence, a more appropriate strategy to protect tissues against

oxidative stress would be to neutralize reactive oxygen

species excessively produced in pathological situations.

Several compounds, roughly termed antioxidants, are inves-

tigated in this field.

The anaesthetic agent propofol has properties related to

its phenolic structure. It has been acknowledged to scavenge

reactive oxygen species and inhibit lipid peroxidations for

several years (Aarts et al., 1995; Eriksson et al., 1992; Green

et al., 1994; Hans et al., 1996; Murphy et al., 1993;

Musacchio et al., 1991). It is also known to protect macro-

phages and bronchial epithelial cells against nitric oxide-

induced toxicity (Chang et al., 2002; Huang et al., 2002). Its

capacity to scavenge peroxynitrite has been reported for the

first time in 1997, in an in vitro experiment using the

enhanced chemiluminescence technique (Kahraman and

Demiryurek, 1997). In 1998, propofol has been demonstrat-

ed to react with peroxynitrite, using an electron spin

resonance technique that showed the production of a phe-

noxyl radical partially moving towards a phenolic structure
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(Mouithys-Mickalad et al., 1998). Propofol has also been

shown to protect cultured endothelial cells subjected to a

peroxynitrite donor (Mathy-Hartert et al., 2000). In an

attempt to complete those investigations, we designed a

study to evaluate the effects of pure propofol on the global

production of reactive oxygen species, the nitration of

protein and the formation of nitrate resulting from perox-

ynitrite production by activated human polymorphonuclear

neutrophils.
2. Materials and methods

2.1. Materials

Analytical grade Na+, K+, NH4
+, Ca+ and MgCl, glucose

and diethyleneglycolmonoethylether (carbitol) were pur-

chased from Merck (Germany). Trypan blue, 3-aminophtal-

hydrazide (luminal), phorbol-12-myristate-13-acetate,

diphenyleneiodonium chloride, nitrate reductase and Tris

were from Sigma Aldrich (Belgium). Polymorphprepk was

from PharmaciaBiotech (Belgium). Propofol was a gift from

Astra Zeneca (Belgium). Phosphate-buffered saline was

composed of Na2HPO4 1.15 g/l, KH2PO4 0.2 g/l, KCl

0.2 g/l, and NaCl 8 g/l.

2.2. Isolation of polymorphonuclear neutrophils

Human polymorphonuclear neutrophils were isolated

from buffy coats of healthy donors (Blood Transfusion

Centre, University Hospital, Liege, Belgium) by density

gradient centrifugation on Polymorphprepk (vol/vol) at

room temperature (500� g, 30 min). The supernatant was

diluted with 0.5 volume of 0.9% NaCl and centrifuged

(1000� g, 20 min). The collected cells were washed with

a hypotonic solution (155 mM NH4Cl, 170 mM Tris–HCl,

pH 7.4) to lyse the remaining erythrocytes, and then

centrifuged (800� g, 15 min) (Borgeat and Samuelsson,

1979). Cells were washed again and adjusted to 5�105 cells/
ml batches in phosphate-buffered saline containing 20 mM

CaCl2 and 20 mM MgCl2 (phosphate-buffered saline

CaMg) (stock solution) and used immediately. In those

conditions, the percentage of viable cells assessed by the

exclusion of trypan blue was higher than 98%.

2.3. Chemiluminescence assays

Luminol-enhanced chemiluminescence was measured

on microplates with a multiscan luminometer (Multiscan

Ascent, Thermolabsystems, Belgium). Each assay was

performed on a 5�105 cell population (1 ml of the stock

solution), and each group of assays including control and

several propofol concentrations was repeated on 13 poly-

morphonuclear neutrophil batches, each batch pertaining to

one single donor. Polymorphonuclear neutrophils were

activated by adding 25 Al of 4�10� 5 M phorbol-12-
myristate-13-acetate in phosphate-buffered saline CaMg,

leading to a final phorbol-12-myristate-13-acetate concen-

tration of 10� 6 M. Propofol was dissolved in carbitol at

10� 1, 10� 2, 10� 3, 5�10� 3, and 10� 4 M. The cell sus-

pensions were then added 2.5 Al of the propofol solutions

in carbitol to achieve the final propofol concentrations of

10� 3, 10� 4, 5�10� 5, 10� 5, and 10� 6 mM. Insofar as

carbitol has a partial quenching effect on chemilumines-

cence of activated polymorphonuclear neutrophils, assays

were first performed with an equivalent volume of carbitol

alone (2.5 Al) on activated polymorphonuclear neutrophils

and the resulting chemiluminescence was taken as 100%

control value. Chemiluminescence of non-activated poly-

morphonuclear neutrophils was monitored in each group of

assays to rule out any spontaneous polymorphonuclear

neutrophil activation during the density gradient prepara-

tion. The effect of an inhibitor of nicotinamide adenine

dinucleotide phosphate (NADPH) oxydase and nitric oxide

synthase (diphenyleneiodonium chloride 10� 4 M) was

evaluated in each group of assays to confirm the essential

role of NADPH oxydase in the chemiluminescence re-

sponse of activated polymorphonuclear neutrophils (Han-

cock and Jones, 1987; Vasquez-Vivar et al., 1998). All

those manipulations led to the following experimental

conditions: control (phosphate-buffered saline CaMg-carbi-

tol without propofol or phorbol-12-myristate-13-acetate),

phorbol-12-myristate-13-acetate (phosphate-buffered saline

CaMg + phorbol-12-myristate-13-acetate, 100% control

value), diphenyleneiodonium chloride (phosphate-buffered

saline CaMg+ phorbol-12-myristate-13-acetate + diphenyle-

neiodonium chloride), propofol 10� 6 (phosphate-buffered

saline CaMg-carbitol + phorbol-12-myristate-13-acetate +

propofol 10� 6 mM), propofol 10� 5 (phosphate-buffered

saline CaMg-carbitol + phorbol-12-myristate-13-acetate +

propofol 10� 5 mM), propofol 5�10� 5 (phosphate-buffered

saline CaMg-carbitol + phorbol-12-myristate-13-acetate +

propofol 5�10� 5 mM), propofol 10� 4 (phosphate-buffered

saline CaMg-carbitol + phorbol-12-myristate-13-acetate +

propofol 10� 4 mM) and propofol 10� 3 (phosphate-buff-

ered saline CaMg-carbitol + phorbol-12-myristate-13-aceta-

te + propofol 10� 3 mM). Chemiluminescence values, which

reflect the total production of reactive oxygen species, were

monitored for 15 min and computerized. The total emitted

light was calculated as the area under the curve and the results

obtained at various propofol concentrations were expressed

as the percentage of the control value. In order to exclude a

direct effect of propofol on the chemiluminescence of poly-

morphonuclear neutrophils, chemiluminescence was mea-

sured under the same experimental conditions in the

absence of phorbol-12-myristate-13-acetate, except for the

propofol 10� 3 mM concentration (four batches).

2.4. Nitrates and nitrated proteins measurements

Regarding the measurement of nitrates and nitrated pro-

teins, 13 batches of 5�105 polymorphonuclear neutrophils
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were activated as previously described for the chemilumi-

nescence assays. After the activation procedure, the test

tubes were centrifuged (1000� g, 5 min at 20 jC) and the

supernatants were collected and stored at � 70 jC.
Nitrates were measured by the Griess reaction in the

presence of nitrate reductase (Green et al., 1982). Nitrated

proteins were quantified using a competitive enzyme-

linked immunosorbent assay (ELISA) in microplates pre-

coated with a fixed amount of nitrated proteins (Protein

Nitrotyrosine ELISA Kit, TCS Biologicals, UK; nitrated

bovine serum albumin). The reference curve was obtained

by serial dilutions (0.4 to 100 Ag/ml) of the standard

nitrated bovine serum albumin. The lower limit of detec-

tion was 1 Ag/ml. The ELISA was specific for free nitro-

tyrosine and nitrotyrosine in proteins in a sequence-

independent manner (Khan et al., 1998). Samples of 100

Al were used directly or after dilution in phosphate-

buffered saline CaMg and measured in triplicate. Results

were calculated from the reference curve in micrograms of

nitrated bovine serum albumin equivalents, and expressed

as a percentage of control value (activated polymorphonu-

clear neutrophils in the absence of propofol). The follow-

ing experimental conditions were achieved for these

measurements: phorbol-12-myristate-13-acetate (phos-

phate-buffered saline CaMg-carbitol + phorbol-12-myris-

tate-13-acetate), propofol 10� 6 (phosphate-buffered saline

CaMg-carbitol + phorbol-12-myristate-13-acetate + propofol

10� 6 mM), propofol 10� 5 (phosphate-buffered saline

CaMg-carbitol + phorbol-12-myristate-13-acetate + propofol

10� 5 mM) and propofol 10� 4 (phosphate-buffered saline

CaMg-carbitol + phorbol-12-myristate-13-acetate + propofol

10� 4 mM).

2.5. Statistical analysis

All results were expressed as a percentage of control and

presented as mean values with the standard deviation.

Statistical analysis was performed using Kruskal–Wallis

tests and Mann–Whitney U tests for post hoc comparisons.
Table 1

Chemiluminescence (CL), protein nitration (PN) and nitrates (N) as measured in t

the 100% control condition (phorbol-12-myristate-13-acetate) (mean of 13 batche

Control Phorbol-12-

myristate-

13-acetate

Diphenyleneiodonium

chloride

Propofo

10� 6

CL 0.7F 0.7 100 0.8F 0.6 88aF
PN 100 82.1fF
N 100 93.5fF

Statistical analysis (Kruskal–Wallis and Mann–Whitney U test for post hoc compa

propofol 10� 5, propofol 5�10� 5, propofol 10� 4 and propofol 10� 3, significantl

control, diphenyleneiodonium chloride, propofol 5�10� 5, propofol 10� 4 and
c = significantly higher than control, diphenyleneiodonium chloride, propofol 10

acetate; d = significantly higher than control, diphenyleneiodonium chloride, and
e = significantly higher than control, and diphenyleneiodonium chloride, significan

propofol 10� 5, and propofol 10� 4, significantly lower than phorbol-12-myristate

than phorbol-12-myristate-13-acetate; h = significantly lower than phorbol-12-myr
A p < 0.05 was considered statistically significant or other-

wise corrected according to Bonferroni in case of multiple

comparisons. A linear relationship was sought between the

logarithm of propofol concentrations and the inhibition of

chemiluminescence, nitration of proteins and production of

nitrates, respectively.
3. Results

3.1. Chemiluminescence

Polymorphonuclear neutrophils were activated neither

during the isolation procedure nor during exposure to pro-

pofol alone as demonstrated by the low chemiluminescence

values obtained under those conditions in the absence of

phorbol-12-myristate-13-acetate. The effects of propofol at

various concentrations and of 10� 4 M diphenyleneiodonium

chloride on the chemiluminescence of activated polymor-

phonuclear neutrophils are shown in Table 1. Chemilumi-

nescence was completely inhibited by diphenyleneiodonium

chloride 10� 4 M. Propofol inhibited chemiluminescence in a

dose-dependent way, ranging from 98% to 12% of control at

10� 3 and 10� 6 mM, respectively (H(4) = 95.9, p < 0.001). A

significant inverse correlation was observed between the

logarithm of propofol concentrations and the chemilumines-

cence intensity (r2 = 0.9, p < 0.001), yielding the following

equation: Y=� 29.4 log[propofol]� 83.4).

3.2. Protein nitration and nitrate production

The effects of propofol at various concentrations on

protein nitration and nitrate production by activated poly-

morphonuclear neutrophils are shown in Table 1. Propofol

partially reduced protein nitration and nitrate production in a

dose-dependent way [H(2) = 43.2, p< 0.001; H(2) = 45.5, p <

0.001, respectively]. Inhibition of protein nitration ranged

from 50% to 17% of control at 10� 4 and 10� 6 mM propofol,

respectively. Inhibition of nitrate production ranged from
he experimental conditions described in the core text and expressed in % of

s [F SD])

l Propofol

10� 5

Propofol

5�10� 5

Propofol

10� 4

Propofol

10� 3

8.3 66bF 8.9 54.8cF 7.2 28.1dF 8.5 1.1eF 1

7.2 68.1gF 12.3 49.6hF 7.9

2.9 78gF 9.7 59.5hF 8.2

risons): a = significantly higher than control, diphenyleneiodonium chloride ,

y lower than phorbol-12-myristate-13-acetate; b = significantly higher than

propofol 10� 3, significantly lower than phorbol-12-myristate-13-acetate;
� 4 and propofol 10� 3, significantly lower than phorbol-12-myristate-13-

propofol 10� 3, significantly lower than phorbol-12-myristate-13-acetate;

tly lower than phorbol-12-myristate-13-acetate; f = significantly higher than

-13-acetate; g = significantly higher than propofol 10� 4, significantly lower

istate-13-acetate.
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40% to 6% of control at 10� 4 and 10� 6 mM propofol,

respectively. A significant inverse correlation was observed

between the logarithm of propofol concentration, the produc-

tion of nitrated proteins and the production of nitrate (r2 = 0.7

and 0.8, respectively; p < 0.001), yielding the following

equations: Y=� 16.2 log [propofol]� 14.2 and Y=� 17

log [propofol]� 8, respectively.
4. Discussion

This study was designed to investigate the effects of

propofol on the production of reactive oxygen species by

activated polymorphonuclear neutrophils and the associated

nitration of proteins that results from the production of

peroxynitrite. It clearly showed that propofol inhibits both

of them in a dose-dependent way and similarly reduced the

production of nitrate, which is the final product of peroxyni-

trite transformation.

We used pure propofol rather than the commercial form

of the drug (DiprivanR) because IntralipidR has been

demonstrated to decrease the chemiluminescence response

by reacting either directly with reactive oxygen species or

with cell membranes (Mathy-Hartert et al., 1998).

The luminol-enhanced chemiluminescence technique

used for measuring reactive oxygen species reflects the

production of superoxide anion, hydrogen peroxide, hypo-

chlorous acid, nitric oxide, peroxynitrite and other excited

oxygen species like oxygen singlet and hydroxyl radical.

Insofar as the production of those species by activated

polymorphonuclear neutrophils depends on cell batches,

chemiluminescence results were expressed in percentage of

the control value obtained in the absence of propofol. The

results showed a partial and dose-dependent inhibition of

chemiluminescence by propofol, which is moderately active

at clinically relevant concentrations (10� 5 mM). They con-

firm previous results from our team of an in vitro antilipoper-

oxidant effect of pure propofol (Hans et al., 1996) and are in

agreement with data from the literature demonstrating the in

vitro antioxidant and antiradical properties of propofol in

cell-free systems of erythrocyte membranes, microsomes and

mitochondria membrane lipoperoxidations (Aarts et al.,

1995; Eriksson et al., 1992; Green et al., 1994; Murphy et

al., 1996; Musacchio et al., 1991; Tsuchiya et al., 2002). In

the conditions of the present study, the phorbol-12-myristate-

13-acetate activation of polymorphonuclear neutrophils

resulted in a degranulation process and the release of reactive

oxygen species outside the cells. We have previously shown

that propofol does not enter into the polymorphonuclear

neutrophils (Mathy-Hartert et al., 1998). In those conditions,

it can actually protect polymorphonuclear neutrophils and

other cells by scavenging reactive oxygen species in the

extracellular medium without impairing the phagocytosis

activity of polymorphonuclear neutrophils.

The dose-dependent inhibition of protein nitration and

nitrate production by propofol shown in the second part of
this study likely results from its scavenging effect on

peroxynitrite produced by activated polymorphonuclear

neutrophils. Propofol has been shown to scavenge perox-

ynitrite in vitro and the underlying mechanism of this

effect involves the formation of a phenoxyl radical (Kahra-

man and Demiryurek, 1997; Mouithys-Mickalad et al.,

1998). The more potent the scavenging of peroxynitrite,

the less the formation of nitrotyrosine and the production

of nitrate which is the metabolite of peroxynitrite. When

considering the cellular level, our findings confirm previ-

ous results observed with endothelial cells subjected to a

peroxynitrite donor (Mathy-Hartert et al., 2000), and with

macrophages and bronchial epithelial cells directly submit-

ted to nitric oxide (Chang et al., 2002; Huang et al., 2002).

They could have a seminal importance as the inflammatory

reaction appears as a key response to various forms of

tissue insults including trauma, hypoxia, ischaemia, and

haemorrhage, in addition to infectious processes. Although

this inflammatory reaction is necessary for the resolution

of the primary injury, it also plays a substantial role in the

development of secondary injuries through the release of

several mediators. There is a growing evidence that oxy-

gen and nitrogen reactive species are involved in mediating

secondary damage, particularly in the central nervous

system (Bolanos and Almeida, 1999; Chang et al., 2002;

Huang et al., 2002; Liu et al., 2000; Szabo, 1996; Wilson

and Gelb, 2002).

Besides the degree of toxicity of the inflammatory

reaction and the involvement of reactive oxygen and nitro-

gen species in pathophysiological situations, the clinical

relevance of these experimental results depends on propofol

concentrations that can be safely achieved in patients. We

have already shown an increase in the anti-oxidant capacity

of plasma in patients under propofol anaesthesia (Hans et al.,

1997). In the present study, propofol respectively provoked

a 32% reduction of chemiluminescence and a 31% inhibi-

tion of protein nitration at 5�10� 5 and 10� 5 mM, respec-

tively, which are clinically relevant concentrations. On the

other hand, the degree of reactive oxygen and nitrogen

species toxicity varies according to the pathophysiological

situations and the endogenous anti-oxidant status. It can

reasonably be hypothesized that propofol, alone or associ-

ated with other drugs, could be helpful in situations char-

acterized by a major oxidative stress when the endogenous

anti-oxidative capacity is overwhelmed.

In conclusion, we demonstrated that pure propofol inhib-

its partially and dose-dependently the production of active

oxygen species and the nitration of proteins associated with

polymorphonuclear neutrophils activation. It also signifi-

cantly reduces the production of nitrate. Those effects are

observed at clinically relevant propofol concentrations.

They are consistent with the anti-oxidative property of

propofol and its capacity to scavenge peroxynitrite. The

findings of this study could confer a potential benefit to

propofol in clinical situations characterized by an excessive

polymorphonuclear neutrophils activation.
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