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Abstract-A method based on the use of the luminogenic substance, luminol, was developed for 
measuring the respiratory burst induced by phorbolmyristate acetate in 4 ~1 of human whole blood. In 
vitro, the three cations, Hg*+, Pb2+ and Cd’+, . Inhibit the peak luminescence response at concentrations 
higher than those usually found in blood of subjects exposed to these metals. Cadmium metallothionein, 
however, in a concentration range similar to that found in whole blood of workers exposed to cadmium 
strikingly reduces the respiratory oxidative burst. In workers exposed to inorganic lead or mercury 
vapour, no reduction of the chemiluminescence response of whole blood was observed while a slight 
but statistically significant reduction was found in whole blood from cadmium exposed workers. If a 
similar effect occurs in lung macrophages, it might decrease the respiratory tract resistance to infection. 

Phagocytosis and/or chemical stimulation of poly- 
morphonuclear leukocytes (PMNs) and monocytes 
triggers a burst of oxidative metabolism which results 
in the formation of reactive oxygen species (ROS) 
such as superoxide anion (O:), hydroxyl radical 
(OH’), hydrogen peroxide (H202) and singlet oxy- 
gen (‘02) [l]. The primary reaction is the reduction 
of O2 to superoxide anion catalyzed by a plasma 
membrane NADPH oxidase, the cofactor being gen- 
erated through the hexose monophosphate pathway. 
The generation of ROS is an important non specific 
defence mechanism against microorganisms [2]. 

The ROS can be quantified by the use of chem- 
iluminogenic substances such as luminol or lucigenin. 
The resulting chemiluminescence (CL) is detected 
with a liquid scintillation counter or a luminometer 
[3]. Experimental studies have indicated that some 
heavy metals impair host resistance to infection 
[4,5]. It has been suggested that this effect might 
result from metal interference with the microbicidal 
activity of polymorphonuclear leukocytes and 
macrophages, particularly from inhibition of the res- 
piratory burst [6-81. It should be noted, however, 
that the effect of metals on ROS production was only 
assessed in vitro and at concentrations far above 
those commonly encountered in blood of subjects 
exposed to heavy metals. We have therefore com- 
pared the in vitro and in vivo effect of lead, mercury 
and cadmium on ROS production by human leu- 
kocytes. 

The CL is classically measured on”purified leu- 
kocytes. This method is time-consuming and requires 
a large volume of blood. Whole bl&od can also be 
used [9-111 provided chemiluminescence quenching 
is prevented [12]. A study of the various parameters 
influencing CL has enabled us to develop a rapid and 
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sensitive method using only 4~1 of whole blood. It 
offers the advantage of simultaneously measuring the 
respiratory burst of circulating PMNs and monocytes 
and may therefore be more representative of the 
in vivo situation than those utilising isolated cell 
systems. 

MATERIALS AND METHODS 

Apparatus. CL was measured with a LKB lumi- 
nometer (model 1250) equipped with a digital print- 
out set to 1 or 10 set recording integral and connected 
to a chart recorder. The cuvette compartment was 
maintained at 37”. 

Reagents. Except otherwise stated, all the chemi- 
cals were purchased from Merck (Darmstadt, 
F.R.G.). 

All the solutions were prepared with purified water 
(specific resistance > 18 MQ/cm) made sterile by 
filtration through a sterivex-GV-0.22 ym Millipore 
filter (Millipore Corp., Bedford, MA 0730). 

The phosphate-buffered saline stock solution 
(PBS) contained per liter 1.36mol of NaCl, 
20mmol KCl, 14mmol KH2P04 and 64mmol 
Na2HP04.2H20. Its pH was adjusted to 7.25. PBS 
Ca*+ Mg2+ was prepared by diluting ten-fold PBS 
with water containing per liter 0.88mmol CaC12 
2Hz0 and 0.24 mmol MgC12 6H2O. The pH of this 
solution was 7.4. PBS Ca2+ Mg2+ containing D-glu- 
cose (PBS-GCa’+ Mg2+) was prepared by adding 
1 ml of 10% (w/v) D-glucose to 100 ml of the former 
solution. This solution was prepared daily. 

Phorbolmyristate acetate (PMA) (Sigma Chemi- 
cal, St Louis, MO) was used for initiating the res- 
piratory burst; it was dissolved in dimethylsulfoxide 
(1 mg/ml) and 10 ,~l aliquots of this stock solution 
were stored at -20” in the dark. Before use, PMA 
was diluted with PBS Ca2+ Mg2+ to obtain a working 
solution containing 10 pg/ml which was kept at room 
temperature but protected from light by covering the 
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tube with aluminium paper. 
The stock luminol working solution was prepared 

daily and contained 2 mg of luminol (Sigma) and 8 ~1 
of triethylamine (Sigma) per ml of PBS-G Ca2+ 
Mg2+. After ultrasonication the solution was filtered 
through a Millipore filter (0.22 pm) and was stored 
in the dark at room temperature. Except otherwise 
stated, the working solution contained 2 x 10e3 M 
luminol in PBS-G Ca2+ Mg2+. 

Stock aqueous solution of CdC12 (10-r M), HgC12 
(lo-‘M), PbClr (1O-2 M) were adjusted to pH 7.4. 
Two stock aqueous solutions of cadmium cysteine 
complex were prepared, one containing equimolar 
concentrations of CdCl* and L-cysteine (Cd-cysteine 
l/l) and one containing L-cysteine at twice the 
molar concentration of CdC12 (Cd-Cysteine l/2). 
Metallothionein bound cadmium was prepared as 
described by Bernard et al. [13]. The cadmium con- 
centration in the complex was determined by 
flameless atomic absorption spectrometry. Appro- 
priate dilutions of the various metal preparations 
were made in PBS G Ca2+ Mg*+ 

Study population. The control group included 21 
clinically healthy subjects not occupationally 
exposed to heavy metals and whose age ranged from 
22 to 52 years. The concentrations of lead, mercury 
and cadmium in whole blood were below 25, 1 and 
0.1 pg/lOO ml respectively. Groups of workers 
exposed either to lead (N = 25) or mercury (N = 16) 
or cadmium (N = 13) were also examined. The lead 
workers were occupied in a lead battery factory. 
Their age ranged from 23 to 50 years (mean: 33.5) 
and their mean duration of exposure was 10 years 
(range: l-26). At the time of the survey the con- 
centration of lead in blood (PbB) ranged from 34.8 
to 76.5 with a mean of 60.3 pg/lOO ml. The mercury 
workers were employed in a chlor-alkali plant. Their 
age ranged from 22 to 58 years (mean: 35.1) and 
their mean duration of exposure amounted to 7.4 
years (range: 2.3-15). The average concentration 
(and range) of mercury in blood (HgB) and in urine 
(HgU) were 2.68 pg/lOO ml (1.3-5.0) and 143 pg/g 
creatinine (71-315) respectively. The cadmium 
workers were occupied in a factory producing cad- 
mium salts for 1 to 14 years. Their age ranged from 
21 to 50 years. The average concentration of cad- 
mium in blood (Cd-B) and in urine (Cd-U) were 
0.47 ,ng/lOO ml (0.06-1.25) and 4.21 pg/g creatinine 
(1-18.6) respectively. 

Blood samples. Venous blood was withdrawn with 
a syringe and transferred in two tubes, one containing 
heparin used for CL measurement and the other 
containing EDTA used for differential leukocyte 
count. For the CL assay which was performed within 
4 hr after blood withdrawal, 10~1 of heparinized 
whole blood was first transferred in a polypropylene 
tube and diluted with 0.990 ml of PBS. 

Development of the CL procedure. With whole 
blood (4 ~1) from normal subjects, the CL response 
induced by PMA was progressive and usually 
reached a maximum within 10min (see also later, 
Figs. 3-5). 

Figure 1 shows the effect of luminol concentration 
on peak CL response induced by PMA. The maxi- 
mum activity was found with a luminol concentration 
of 2 x 10m3 M. The luminol solution must be pre- 

Fig. 1. Effect of luminol concentration on peak CL response 
induced by PMA in 4~1 human whole blood containing 

2.5 x 103 PMNs and monocytes. 

Table 1. Within-run precision of peak CL response induced 
by PMA in 4 pl whole blood from two subjects 

CL response 
PMNs + Monocytes Mean* SD CV 

Subject (Number/pi) (mV) (mV) (%) 

1 6250 14.34 0.63 4.39 
2 14000 33.95 2.25 6 

* 6 replicates. 

pared daily; a decreased CL response occurred when 
the solution was kept for more than 24 hr. 

It is known that the presence of glucose is nec- 
essary for ROS production [l]. We found that the 
CL response was amplified when the final con- 
centration in the incubation system increased up to 
0.1% and then leveled off. 

CL activity of whole blood remained stable when 
the blood was kept at room temperature for 4 hr. 
Prewarming to 37” just before the assay was not 
necessary; a loss of activity was even found when the 
blood was kept at 37”. 

These results lead us to select the following assay 
conditions for subsequent experiments. In a 3 ml 
luminometer polystyrene cuvette are successively 
added 200 ~1 of the luminol working solution, 200 ~1 
of the PMA working solution, 200 ~1 of PBS-G Ca2+ 
Mg2+ and 400 ~1 of lOO-fold diluted blood. The 
cuvette was immediately placed in the luminometer 
chamber kept at 37” and automatically agitated for 
10sec before starting CL monitoring. Each blood 
was analyzed in triplicate. Within-run precision was 
assessed by measuring the peak CL response in 6 
replicates of two blood samples. The coefficients of 
variation did not exceed 10% (Table 1). 

With the assay conditions described above, a linear 
correlation was found between peak CL response 
induced by PMA and the number of PMNs and 
monocytes in blood from 21 normal adult subjects 
(Fig. 2). 
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Fig. 2. Effect of PMN and monocyte concentration upon 
peak CL response induced by PMA in 4 ~1 human whole 
blood from 21 normal adults 0, = 0.603 x lo-’ - 0.47; 

r = 0.97; N = 21). 
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Fig. 3. Time- and dose-dependent inhibition of PMA stimu- 
lated chemiluminescence of human whole blood by HgQ. 
Each point and bar represent the mean ? SD of3 replicates. 

RESULTS 

In vitro effect of metals 

The effect of heavy metals on whole blood chemi- 
luminescence induced by PMA was studied by adding 
aliquots of appro 

B 
riate dilutions of the stock solu- 

tions in PBS G Ca + Mg*’ in the luminometer cuvette 
just before the diluted blood. The time-course of 
inhibition of whole blood respiratory burst by the 
three cations is shown in Figs. 3 to 5. Their effec- 
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Fig. 4. Time- and dose-dependent inhibition of PMA stimu- 
lated chemiluminescence of human whole blood by PbC12. 
Each point and bar represent the mean 2 SD of 3 replicates. 
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Fig. 5. Time- and dose-dependent inhibition of PMA stimu- 
lated chemiluminescence of human whole blood by CdCI,. 
Each point and bar represent the mean ? SD of 3 replicates. 

tiveness in inhibiting CL is in the order 
Hg2+ > PbZ+ > Cd2+. Since incubation of the blood 
alone at 37” before PMA addition led to a significant 
loss of CL activity, the influence of the duration of 
metal preincubation with whole blood could not be 
studied. Since cadmium is transported in blood 
mainly bound to metallothionein (a low MW protein 
rich in cystein residues) [14], we have assessed the 
effect of cadmium-metallothionein and cadmium- 
cysteine complexes on whole blood chemilumi- 
nescence (Table 2). Cd-cystein complexes were not 
markedly more efficient in reducing the respiratory 
burst than CdClz or even cysteine alone but cad- 
mium-metallothionein produced 50% inhibition of 
the peak CL response at a concentration of 
1.8 X lo-‘mol/l. 
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Table 2. In vitro inhibition by several cadmium compounds 
of peak CL response induced by PMA in 4 ~1 whole blood 

Cadmium compound EDso (mol/l) 

CdC12 
Cd-metallothionein 
Cd-cysteine (l/l) 
Cd-cysteine (l/2) 
L-cysteine 

1.0 lo-’ 
1.8 IO-’ 
2.0 1o-4 
5.7 1o-4 
6.1 1O-4 

ED% is the concentration of metal which produces 50% 
inhibition of the response. 

The blood contained 4.5 x l@ PMNs and monocytes/pl. 

In vivo effect of metals 

The CL response induced by PMA in whole blood 
from lead, mercury and cadmium workers is summa- 
rized in Table 3. Since the concentration of PMNs 
and monocytes (but not their ratio) was slightly 
different between the groups, the CL response was 
standardized for 2000 PMNs and monocytes. This 
was done on the basis of the regression line (r > 0.90) 
between the number of PMNs and monocytes and 
the CL response found in each group. A non para- 
metric analysis of variance (Kruskal Wallis test) did 
not reveal any significant effect of lead and mer- 
cury exposure. Howevei, a statistically significant 
reduction of ROS production in whole blood of 
cadmium exposed workers was found by comparison 
with that measured in control subjects. 

DISCUSSION 

Inorganic salts of three heavy metals, H$+, Pb*+, 
Cd*+ added to whole blood in vitro can inhibit the 
chemiluminescence induced by PMA. However, the 
concentration of metal required to produce 50% 
inhibition of the peak CL is quite high; it amounts 
to 2.8 x lOA M for Hg*+, 2.8 x 10e4 M for Pb*+ and 
lob3 M for Cd*+, respectively. For Hg*+ and Cd*+, 
our results are approximately 100 times higher than 
those reported by Malamud et al. [15] on isolated 
human PMNs. The relative ineffectiveness of these 
cations on whole blood is probably due to their 
binding to several non critical proteins. In agreement 

with our results, Malamud et al. [15] and Governa et 
aE. [16] did not find any effect of Pb*+ on isolated 
PMNs CL at concentration of 3 x 10m6 and 5.75 X 
10e5 M, respectively. Likewise, on isolated mouse 
peritoneal macrophages, Lison et al. [ 171 did not find 
a significant effect of non cytotoxic concentrations 
(< 5 x 10m6 M) of Hg*+ on superoxide anion pro- 
duction. Except in the case of acute mercury intoxi- 
cation, the effective concentration of metals found 
in this study are never reached in the blood in vivo 
and therefore, the observed in vitro inhibition of 
whole blood respiratory burst by the three cations 
has probably no health significance. A striking 
reduction of respiratory oxidative burst, however, 
was found when whole blood was incubated with 
cadmium-metallothionein in a concentration range 
similar to that found in whole blood of workers 
exposed to cadmium [18]. Several hypotheses can be 
suggested to explain this effect; either the cadmium- 
metallothionein complex accumulated in leukocyte 
easily exchanges cadmium with one critical site 
involved in the metabolic pathway responsible for 
ROS production (e.g. with cysteine localised at the 
catalytic site of protein kinase C) [19] and thus pre- 
vents its activity or metallothionein binds other 
elements which may be essential for the production 
of ROS, or metallothionein acts as a scavenger of 
ROS [20] as do many thiol containing compounds. 

In vivo, only cadmium seems to have an inhibitory 
effect on whole blood CL response induced by PMA. 
Although this observation is in agreement with the 
in vitro effect of Cd-metallothionein, the reduction 
of ROS production in whole blood of cadmium 
workers is rather small. Furthermore no negative 
correlation was found between the metal level in 
blood and/or in urine and the CL response. 

In conclusion, the results of the in vitro and in vivo 
study on the effect of lead, mercury and cadmium 
do not support the hypothesis that environmental 
exposure to these metals may significantly impair 
host resistance to infection by reducing ROS pro- 
duction. Excessive occupational exposure to 
cadmium, however, may be associated with slight 
impairment of leukocyte respiratory burst. If a simi- 
lar effect occurs in lung macrophages, it might 
decrease the respiratory tract resistance to infection. 
It would therefore be relevant to compare ROS 
production in macrophages collected by broncho- 
alveolar lavage in control and cadmium exposed 
workers. 

Table 3. Peak CL response induced by PMA in whole blood from workers exposed to lead, mercury and cadmium 

Groups 

CL response 
PMNs + Monocytes Ratio of mean* 

mean* PMNs to (mv/20000 PMNs + 
N (number/pi) (% of control) monocytest monocytes) (% of control) 

Control 21 3987 100 11.6 11.57 100 
Lead 26 5546$ 139 11.6 11.24 97 
Mercury 16 4265 107 11.1 10.18 88 
Cadmium 13 4643 116 11.9 8.93t 77 

* Geometric mean. 
t Arithmetic mean. 
$ Significantly different from control value (Kruskal Wallis test; P < 0.05). 
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