
E�ect of non-toxic mercury, zinc or cadmium pretreatment on the
capacity of human monocytes to undergo lipopolysaccharide-
induced activation

1J. Koropatnick & *R.K. Zalups

The London Regional Cancer Centre, 790 Commissioners Road East, London, Ontario, Canada N6A 4L6, and Departments of
Oncology, Microbiology and Immunology, and Pathology, University of Western Ontario, London, Ontario, Canada and
*Division of Medical Sciences, Mercer University School of Medicine, 1550 College Street, Macon, Georgia 31207, U.S.A.

1 Metal salts can inhibit cell activity through direct toxicity to critical cellular molecules and structures.
On the other hand, they can also change cell behaviour by inducing speci®c genes (including genes
encoding members of the metallothionein [MT] gene family). Therefore, transition metals may a�ect cell
functions either by acting as a toxin, or by transmitting or in¯uencing signals controlling gene
expression.

2 To explore the latter possibility, we measured the ability of low, non-toxic metal pretreatment to alter
immune cell behaviour. We previously found that pretreatment of human monocytes with zinc induces
metallothionein gene expression and alters their capacity to undergo a bacterial lipopolysaccharide-
induced respiratory burst. We showed here that cadmium and mercury salts, at concentrations that exert
no discernible toxicity, inhibit activation of human monocytic leukemia (THP-1) cells. CdCl2 1 mM,
ZnCl2 20 ± 40 mM or HgCl2 2 mM pretreatment for 20 h induced MT-2 mRNA and total MT protein
accumulation and had no e�ect on proliferation potential or metabolic activity, but signi®cantly
inhibited the ability of subsequent lipopolysaccharide treatment to induce the oxidative burst, increased
adhesion to plastic, and MT-2 and interleukin-1b (IL-1b) mRNA accumulation.

3 The phenomenon of metal-induced suppression of monocyte activation, at metal concentrations that
have no e�ect on cell viability, has important implications for assessment of acceptable levels of human
exposure to cadmium, zinc and mercury.
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Introduction

Among toxic metals, cadmium and mercury have been the
focus of intense interest. These metals are known to have de-
leterious cytotoxic e�ects in multiple mammalian organ sys-
tems (Pelletier et al., 1985; Friberg & Lener, 1986; Zalups &
Lash, 1994). However, relatively little is known about the e�ect
of low levels of these metals (that to not exert discernible
toxicity) on immune cell function.

In contrast to their toxic e�ects, certain metals (including
copper, iron, selenium, and zinc [Zn2+]) are required for nor-
mal leukocyte development and function, including growth,
di�erentiation and activation. Zinc, for example, can regulate
interleukin-1 (IL-1) responsiveness in mouse thymocytes
(Winchurch, 1988). Immune cell function is compromised in
individuals su�ering from zinc de®ciency secondary to certain
diseases (Moynahan, 1981; Castillo-Duran et al., 1987; Fabris
et al., 1988). Zinc-de®cient animals and man have reduced le-
vels of markers of macrophage activation, including increased
phagocytic capacity (Wirth et al., 1989), chemotaxis (Vruwink
et al., 1991) and chemokinesis (Briggs et al., 1982). However,
apparently contradictory e�ects of zinc supplementation have
been described. For example, superoxide anion production
following activation of guinea-pig peritoneal macrophages was
depressed following in vitro zinc supplementation, but in-
creased when animals were treated with zinc in vivo (Naka-
mura et al., 1987). Both stimulation (Briggs et al., 1982) and
depression (Chvapil et al., 1977) of phagocytosis have been
obtained following zinc treatment. And, while zinc supple-
mentation enhanced humoral and cellular immunity in man
(Hertel & Wibbertmann, 1990; Keen & Gershwin, 1990), it has

been shown to inhibit leukocyte mobility (Kiremidjian-Schu-
macher et al., 1981), release of histamine from rat, peritoneal
mast cells and blood basophils (Kazimierczak & Maslinski,
1974; Marone et al., 1981), and lipopolysaccharide (LPS)-in-
duced monocyte activation in vitro (Leibbrandt & Kor-
opatnick, 1994).

On the other hand, inorganic cadmium (Cd2+) and mercury
(Hg2+) have mainly detrimental e�ects, including direct in vitro
cytotoxicity as well as inhibition of antibody production and
cytokine production and proliferation, in isolated primary
peripheral blood mononuclear cells (Lawrence & Slavik, 1992;
Lawrence & McCabe, 1995).

The immunomodulatory activity of metal ions generally
occurs at concentrations much lower than that required for
overt cytotoxicity (Lawrence & McCabe, 1995). Both en-
hancement and depression of speci®c activities have been ob-
served. Although Cd2+ and Hg2+ can be toxic to leukocytes,
they can enhance leukocyte function under some circum-
stances. Low concentrations of Hg2+ (1 mM) have been shown
to increase B cell IgM production (Lawrence & McCabe, 1995)
and Cd2+ has been found to suppress (Chowdhury & Chandra,
1989; Cifone et al., 1989) or enhance (Koller & Roan, 1977)
NK cell activity, and suppress (Thomas et al., 1985) or enhance
(Koller & Roan, 1977) macrophage activity. Hg2+ may be an
immunostimulant, since it can trigger genetically-restricted
immune complex glomerulonephritis (ICG) in some rodent
strains (Aten et al., 1988; Reuter et al., 1989; Pelletier et al.,
1990; Kubicka-Murany et al., 1993; Hultman et al., 1993;
Monestier et al., 1994). Hg2+ is suspected to have the same
e�ect in man since low levels correlate with the appearance of
ICG (Tubbs et al., 1982; Oliveira et al., 1987). On the other
hand, Hg2+ has been shown to inhibit activation of T and B
cells at levels as low as 5 ng ml71 (Shenker et al., 1993), in-
dicating an immunosuppressive e�ect.
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Transition metals can induce genes important in immune
cell function. For example, metallothionein (MT) is the pri-
mary transition metal-binding protein in eukaryotic cells
(Andrews, 1990). It has been implicated in immunoregulation
of lymphocytes (Lynes et al., 1993), and is essential for LPS-
induced monocyte activation (Leibbrandt et al., 1994). Other
genes, including acute phase proteins important in immune
responsiveness (i.e., a1-acid glycoprotein and C-reactive pro-
tein, c-myc, c-jun, and c-fos) are also induced by transition
metals (reviewed by Koropatnick & Leibbrandt, 1995). The
critical role that these gene products play in monocyte acti-
vation suggest that induction with transition metals may alter
responsiveness to LPS.

Therefore, immunomodulation, not only cytotoxicity, may
be a signi®cant consequence of exposure to metal salts. We
tested the hypothesis that treating human monocytes with low,
non-toxic doses of the non-essential metals Hg2+ and Cd2+,
and the essential metal Zn2+, a�ects the ability of the cells to
be activated by bacterial lipopolysaccharide, as measured by
oxygen free radical production, and IL-1b mRNA and MT
mRNA and protein accumulation.

Methods

Cell lines and culture conditions

THP-1 cells (a non-adherent human monocytic cell line from a
male infant with acute monocytic leukemia; American Type
Culture Collection, Rockville, MD) were maintained in
RPMI 1640 (GIBCO-BRL, Oakville, Ontario, Canada) with
10% Fetaclone (Hyclone Laboratories, Logan, UT) and
1.25 mM L-glutamine in a 378C incubator under 5% CO2.
Fetaclone contains approximately 4 mM zinc.

Treatment with metal salts and bacterial
lipopolysaccharide (LPS)

Metal salts Zn2+, cadmium or mercury pretreatment in-
volved a 20 h exposure to added 20 or 40 mM ZnCl2, 1 or
10 mM CdCl2 or 2 mM HgCl2, in medium plus Fetaclone. At the
end of metal exposure, cells were centrifuged and resuspended
in fresh medium without added metal salts. Aliquots of cells
were frozen for isolation of total cellular RNA and analysis of
MT-2 and IL-1b mRNA as described below.

LPS THP-1 cells were treated with 40 mg ml71 LPS (Sigma,
St. Louis, MO) in RPMI 1640 medium plus 10% Fetaclone
and glutamine. Control cells (without LPS) and cells treated
for 30 min with LPS (the time of peak induced H2O2 pro-
duction (Pick & Keisari, 1980)) were assessed for H2O2 pro-
duction as described below.

Metal salts plus LPS Aliquots of cells pretreated with metal
salts for 20 h were immediately treated with 40 mg ml71 LPS
as described above, and assessed for activation 30 min later by
the phenol red assay. Aliquots of cells were frozen for isolation
of total cellular RNA and analysis of MT-2 and IL-1b mRNA
as described below.

Measurement of toxicity

Cytotoxicity of HgCl2 0 ± 75 mM, CdCl2 1 ± 10 mM or ZnCl2 0 ±
40 mM was assessed by a growth assay, and by the metabolic
alamarBlue assay (BioSource International, Camarillo, CA).

Growth assay THP-1 cells (25,000) were suspended in 1 ml of
complete medium plus various concentrations of metal salts in
3 separate wells of a 24 well tissue culture plate (Nunc, BRL)
and counted every 24 h for 5 days. Also, cells pretreated with
2 mM HgCl2, 1 mM CdCl2, or 40 mM ZnCl2 for 20 h were acti-
vated with LPS (40 mg ml71) for 30 min; 25,000 of these cells
were suspended in 1 ml of complete medium and assessed for

growth to determine the e�ect of metal pretreatment plus LPS
on viability.

Metabolic assay THP-1 cells, 16105 per well in 100 ml
complete medium were seeded in 96-well ¯at-bottomed tissue
culture plates (Nunc, BRL) for 4 h before addition of 10 ml of
zinc, cadmium or mercury salts (prepared at high concentra-
tion in RPMI minus Fetaclone) to produce the metal con-
centrations described above. After 3 days of growth, 10 ml
alamarBlue reagent was added, and absorbance at A595 was
measured with a BioRad Model 3550 microplate reader. Cel-
lular metabolic activity results in the reduction of alamarBlue
with a concomitant colorimetric change. Control cells were
assessed for viability identically, except that medium without
metals was added. Relative cell survival for drug treatments
was expressed as a fraction of viability in cells untreated with
metal salts.

The toxicity of LPS induction, or zinc, mercury, or cad-
mium salts followed by LPS induction, was assessed by trypan
blue dye exclusion.

Measurement of cellular Hg2+ association

203Hg2+ as a mercuric ion (Hg2+) (2.756106 d.p.m. mg71)
(Bu�alo Materials Corp., Bu�alo, NY) was added to non-
radioactive HgCl2 in RPMI 1640+10% Fetaclone to produce
2 mM Hg2+ emitting approximately 200,000 d.p.m. ml71.
One ml of this solution was added to triplicate aliquots of
16106 THP-1 cells pelleted by centrifugation in 1.5 ml poly-
propylene microcentrifuge tubes (1000 r.p.m. for 1 min). At 0,
8.75, 20.5, 35.9, 65.75, and 240 min, cells in 3 microcentrifuge
tubes were precipitated by centrifugation and the supernatants
removed to fresh tubes, the cell pellets were washed with 500 ml
each of phosphate-bu�ered saline (PBS) and the PBS wash
added to each supernatant. The recorded time point is the time
at which the wash bu�er was added to the centrifuged cell
pellet. Triplicate samples of complete medium without cells
were processed at the same time to determine the total re-
coverable radioactivity in the absence of cells. By use of the
known speci®c activity of added Hg2+, results were reduced to
`Hg associated with cells (pmol per 16106 cells)', and `Hg
remaining in medium (pmol)' for each time point.

Measurement of respiratory burst

H2O2 production The functional activation of cells was mea-
sured by a modi®cation of the phenol red assay (Pick & Kei-
sari, 1980) which evaluates the activated state of cells by
measuring the horseradish peroxidase-mediated oxidation of
phenol red by H2O2 (the conversion product of superoxide
anions). Brie¯y, 16106 THP-1 cells were precipitated in 1.5 ml
polypropylene microfuge tubes (GIBCO/BRL) and induced
with LPS as described above. Control cells had no LPS added.
Thirty min after addition of LPS, cells were precipitated by
centrifugation and the supernatant discarded. One ml of phe-
nol red solution (PRS: Hanks' balanced salt solution con-
taining 0.28 mM phenol red (Sigma), and 8.5 units ml71

horseradish peroxidase (Sigma) was added to the cell pellet and
the cells dispersed by gentle vortexing. After 1 h in PRS, cells
were precipitated by centrifugation and the 1 ml supernatant
transferred to a new microcentrifuge tube and made alkaline
by the addition of 10 ml 1 M NaOH. The absorbance of the
resulting coloured product was measured on a Beckman
spectrophotometer at 610 nm. Sample concentrations of H2O2

were estimated from a standard curve generated by measuring
the absorbance of a range of H2O2 concentrations at 610 nm.

Measurement of adhesion

THP-1 cells (36106) in 3 ml of medium plus FBS were seeded
into the wells of 6 well plates and incubated for 16 h with
indicated concentrations of Zn2+, Cd2+ or Hg2+ salts. Control
cells received no added metal salts. All cells were treated with
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bacterial LPS (40 mg ml71) as described above and the wells
washed twice with 5 ml PBS at the end of the 30 min in-
cubation period. One ml of 0.1% sodium dodecyl sulphate
(SDS) was added to each well to solubilize cells, incubated
10 min at 378C, and A260 measured as an indicator of the
number of cells adhering to the plate. Measured absorbance
for untreated control cells was normalised to 1.0.

Measurement of MT-2 and IL-1b mRNA

THP-1 cells pretreated for 20 h without metals, or with Zn2+,
CD2+ or Hg2+ salts+subsequent LPS induction, were ¯ash-
frozen in liquid nitrogen and total cellular RNA was isolated
by use of modi®cation of the guanidinium isothiocyanate-
phenol-chloroform method (Sambrook et al., 1989). Ten mg of
total RNA was separated by electrophoresis through a dena-
turing formaldehyde gel and transferred to Hybond-N nylon
paper (Amersham Canada, Oakville, Ontario, Canada) as
described previously (Koropatnick et al., 1983). Northern
blots were hybridized, in sequence, to cDNA probes speci®c
for human MT-2 mRNA (a BamH1/PvuII 170 bp fragment,
the kind gift of Dr M. Karin), human IL-1b mRNA (a 1.05 kb
sequence (March et al., 1985)), and 18S rRNA (Behrend et al.,
1994) by the method of Church and Gilbert (1984). Brie¯y,
blots were hybridized in a solution containing 1 mM EDTA,
0.5 M NaHPO4, pH 7.2, and 7% sodium lauryl sulphate (SLS)
at 658C for 16 h. The ®lters were washed in posthybridization
bu�er (1 mM sodium EDTA, 40 mM NaHPO4, pH 7.2, and
1% SLS) twice for 10 min each at 658C and were exposed to a
phosphor screen. MT-2 mRNA, IL-1bmRNA, and 18S rRNA
were quantitated densitometrically by a Phosphorimager and
the ImageQuant programme (Molecular Dynamics, Sunny-
vale, CA). Relative mRNA levels were de®ned as (MT-2 or IL-
1b signal)/(18S rRNA signal) in the same sample of RNA.

Measurement of MT protein

Cells were lysed by three cycles of freeze-thawing in liquid N2

and a 658C water bath, incubated at 708C for 10 min, and then
cooled for 10 min on ice. Heat-precipitable proteins were re-
moved from the sample by centrifugation at 5,0006g for
20 min. MT protein concentrations in supernatants were esti-
mated, in triplicate, by use of a rabbit antiserum to rat MT-2
(which has equal a�nity to human MT-1 and MT-2 isoforms)
and a competitive ELISA for MT (Leibbrandt et al., 1991).
The amount of MT protein was expressed relative to total
soluble cellular protein (estimated by a modi®cation of the
method of Bradford (1976).

Statistical analysis

All values presented represent mean+s.e. Di�erences between
means for corresponding sets of data were evaluated statisti-
cally by a 1-way analysis of variance (ANOVA) followed by
Tukey's protected t test, which is a post hoc multiple com-
parison test. Data expressed as a fraction or % were ®rst
normalized before any parametric statistical procedure was
implemented. This normalization was accomplished by ap-
plying the arcsine transformation, which takes the arcsine of
the square root of the decimal fraction of the % or fractional
score. The level of signi®cance for all statistical analyses was
chosen a priori to be P50.05.

Results

Hg2+, Cd2+ and Zn2+ toxicity to THP-1 cells

In order to assess changes in the behaviour of human mono-
cytes in response to LPS caused by exposure to low, non-toxic
exposure to metals, we measured cellular metabolic activity (by
MTT assay) (Figure 1) and proliferation potential (Figure 2),
in cells continuously treated with added Hg2+, Cd2+ and Zn2+

salts for 4 to 5 days. Hg2+ had no signi®cant e�ect on either
parameter at concentrations up to 25 mM, but severely in-
hibited metabolism at 50 mM. Up to 5 mM, cadmium had no
signi®cant e�ect on metabolic activity, and 1 mM cadmium had
no e�ect on proliferation. Ten mM cadmium signi®cantly de-
creased metabolic activity and proliferation. Added zinc
chloride at both 20 and 40 mM had no signi®cant e�ect on
either metabolic activity or proliferation.

Hg2+ association with THP-1 cells

To determine the kinetics of Hg2+ association with THP-1 cells
over the time of MT mRNA induction, we measured radio-
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Figure 1 Metabolic inhibition of THP-1 cells treated with added (a)
HgCl2, (b) CdCl2 or (c) ZnCl2; 16105 cells per well of a 96 well plate
were exposed to the indicated added metal salt concentrations, and
metabolic activity assessed, as described in Methods section. Data
points indicate the mean+s.d. from 4 independent measurements.
Where error bars do not appear, they are smaller than the size of the
symbol. *Signi®cantly di�erent from mean values for untreated cells.
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active mercury uptake from 0 to 4 h in cells exposed to 2 mM
203HgCl2 (Figure 3). Hg

2+ associated with cells increased ra-
pidly over the ®rst 75 min of exposure. Approximately 2 ±
2.5% of administered Hg2+ in bathing medium becoming as-
sociated with precipitated cells by that time, indicating that
Hg2+ was either bound to membrane components or within
THP-1 cells. Over 4 h, there was no signi®cant change in Hg2+

concentration in the extracellular medium, indicating that cells
were exposed to the same concentration of Hg2+ over the
course of the experiment.

Induction of MT, but not IL-1b, by metal salt
pretreatment

Mercury, zinc and cadmium salts all induce MT in mammalian
cells in vitro (Durnam & Palmiter, 1984; Koizumi et al., 1993)
and in organs of whole animals (Saijoh et al., 1989). We tested
the ability of non-toxic treatments with Hg2+, Zn2+ and Cd2+

salts to induce MT-2 mRNA (Figures 4 and 5) and MT protein
(Figure 6) in THP-1 cells. Hg2+ treatment, 2 and 10 mM for
20 h, increased MT-2 mRNA and MT protein accumulation
approximately two fold. Zn2+, 20 and 40 mM caused an in-
crease in cellular content of MT-2 mRNA two fold and ten
fold, respectively; MT protein content was increased three fold
and six fold, respectively. Cd2+, 1 mM, induced a fourteen fold
increase in MT-2 mRNA and an eight fold increase in MT
protein. Cd2+, 10 mM which induced signi®cant toxicity (Fig-
ures 1 and 2), also induced signi®cantly less MT-2 mRNA than
1 mM Cd2+ (Figure 4), and did not induce a signi®cantly higher
level of MT protein than that induced by 1 mM Cd2+ (Figure
6). None of the metal treatments had any e�ect on IL-1b
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Figure 2 Proliferation of THP-1 cells treated with added (a) HgCl2,
(b) CdCl2, or (c) ZnCl2. Cells were exposed to added metal salt
concentrations as described in Figure 1; 16104 cells from each
treatment group were added to separate wells of a 20 well tissue
culture plate, in 2 ml of medium, and the number counted on
successive days for 5 days. Symbols represent the mean+s.d. of 3
independent measurements: where error bars do not appear, they are
smaller than the size of the symbol. (a) HgCl2: (*) control, (&) 2 mM
Hg2+, (~) 20 mM Hg2+ and (*) 50 mM Hg2+; (b) CdCl2: (*)
control, (&) 1 mM Cd2+ and (*) 10 mM Cd2+; (c) ZnCl2: (*)
control, (&) 20 mM Zn2+ and (*) 40 mM Zn2+.
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Figure 3 HgCl2 association with THP-1 cells. THP-1 cells 16106

were treated with 203HgCl2 2 mM for up to 4 h and 203Hg2+

associated with (b) cells or (a) supernatant assessed as described in
Methods section. Symbols represent the mean of 3 independent
measurements; vertical lines show s.e. *Signi®cantly di�erent from
mean values for cells untreated with Hg2+; **signi®cantly di�erent
from mean values of cells untreated with Hg2+, but not from cells
sampled approximately 60 min after addition of Hg2+.
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mRNA levels (Figures 4 and 5). Thus, in human monocytes
treated with non-toxic concentrations of metal salts, Hg2+,
Cd2+ and Zn2+ all caused a signi®cant increase in MT mRNA
and protein levels by 20 h of treatment in the following order
of e�ectiveness: Cd2+>Hg2+>Zn2+.

Suppression of MT-2 and IL-1b mRNA induction, and
respiratory burst and increased adhesion by metal salt
pretreatment

Bacterial lipopolysaccharide treatment induces activation in
human monocytes. Markers of activation include increased
production and release of toxic oxygen metabolites, lysosomal
hydrolases, and colony-stimulating factor (Pabst & Johnston,
1980) and increased adhesion to plastic (Auwerx et al., 1989).
Increased transcription, synthesis and secretion of metallo-

proteinases, IL-1a and b, interferon g, and various arachidonic
acid metabolites in vitro (Koj, 1985) accompany activation.
Metallothionein-2 (MT-2) is also synthesised by activated
monocytes (Leibbrandt & Koropatnick, 1994). We measured
LPS-induced production of superoxide radicals (as indicated
by hydrogen peroxide accumulation in the phenol red assay),
IL-1b mRNA, MT-2 mRNA and MT protein, and increased
adhesion to plastic tissue culture plates, as parameters of ac-
tivation in THP-1 cells, pretreated or not pretreated with metal
salts at low, non-toxic concentrations. Treatment of THP-1
cells with LPS (40 mg ml71) alone induced an approximately
eight fold increase in hydrogen peroxide level within 1 h
(Figure 7). Lower concentrations of LPS (1 mg ml71 or
10 mg ml71) induced approximately three fold and ®ve fold
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Figure 4 Nontoxic exposure to added Hg2+, Zn2+ and Cd2+ salts
induced metallothionein-2 (MT-2) mRNA (a), but not interleukin-1b
(IL-1b) mRNA (b), in THP-1 cells. Triplicate samples of THP-1 cells
were independently exposed to the indicated added metal salt
concentrations for 20 h, and assessed for hMT-2, hIL-1b, and 18S
rRNA levels in the same lanes as described in Methods section. MT-2
and IL-1b mRNA are presented as the level relative to 18S rRNA.
Plotted values are the mean of 3 measurements+s.d. relative to the
value for untreated control cells, for which values were normalized to
1.0. *Signi®cantly di�erent from mean values for untreated control
cells; **signi®cantly di�erent from mean values for untreated control
cells, and cells treated with a lower Zn2+ or Cd2+ concentration.
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Hg2+, Zn2+ or Cd2+ salts, and assessed for IL-1b and MT-2
mRNA. 18S rRNA blots are shown to indicate comparative RNA
loading in each lane. Lane 1: Control cells, lane 2: 2 mM Hg2+, lane
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Figure 6 Nontoxic treatment with added Hg2+, Zn2+ and Cd2+

salts induced MT protein in THP-1 cells. Samples of the same cells
described in the legend to Figure 4 were assessed for MT protein by a
competitive radioimmunoassay as described in Methods section.
*Signi®cantly di�erent from mean values for untreated control cells;
**Signi®cantly di�erent from mean values for untreated control cells,
and cells treated with a lower Zn2+ concentration.
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increases, respectively, in hydrogen peroxide levels (data not
shown). Concentrations lower than 1 mg ml71 induced no de-
tectable increase in hydrogen peroxide (data not shown). LPS
concentrations (1 to 10 mg ml71) have been used to induce
activation in THP-1 cells (Leibbrandt et al., 1994; Leibbrandt
& Koropatnick, 1994; Sanceau et al., 1995; Groupp & Do-
novan-Peluso, 1996). However, the maximal induction of re-
spiratory burst by 40 mg ml71 LPS, and the fact that
40 mg ml71 LPS had no discernible toxic e�ect on THP-1 cells,
as assessed by trypan blue exclusion (data not shown), led us to
choose the higher concentration to induce activation. Pre-
treatment with 20 mM Zn2+, 1 mM Cd2+ or 2 mM Hg2+ for 20 h
reduced LPS-stimulated oxygen radical production by more
than 300%, greater than 500% and 200%, respectively (Figure
7). Although LPS induction alone decreased proliferation by
inducing di�erentiation into the non-dividing macrophage line,
metal salt pretreatment did not further decrease the ability of
THP-1 cells to proliferate over a 5 day period (data not
shown). In addition, LPS treatment, with or without metal
pretreatment, did not diminish the capacity of THP-1 cells to
exclude trypan blue dye. Taken together, these data indicate
that combined metal salt and LPS treatment did not sy-
nergistically induce toxic events. Hg2+ 2 mM, Cd2+ 1 mM and
Zn2+ 20 and 40 mM had no ability, on their own, to induce or
suppress oxygen radical production in THP-1 monocytes (data
not shown).

With respect to LPS-induced IL-1b and MT-2 mRNA levels
(both of which indicate activation), pretreatment with Zn2+,
Cd2+ or Hg2+ signi®cantly depressed induction of both
mRNAs (Figures 8 and 9). LPS-induced IL-1b mRNA levels
were more acutely decreased (200 ± 300%) than MT-2 mRNA
levels (25 ± 50%). In addition, pretreatment with all metal salts

signi®cantly inhibited LPS-induced enhancement in THP-1 cell
adhesion to tissue culture plates (Figure 10): in the case of
HgCl2, concentrations as low as 0.2 mM Hg2+ were e�ective.
Therefore, exposure of human monocytes to non-toxic con-
centrations of the non-essential metals Hg2+ and Cd2+ had an
inhibitory e�ect on markers of activation (MT-2 mRNA and
protein, IL-1b mRNA, and oxygen radical upregulation), si-
milar to the inhibitory e�ect of the essential metal zinc on LPS-
induced respiratory burst and MT mRNA and protein pro-
duction (Leibbrandt & Koropatnick, 1994), and on increased
adhesion, which is a marker of both activation and di�er-
entiation in the macrophage line (Auwerx et al., 1989).
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Figure 7 Respiratory burst activity induced in THP-1 cells by LPS is
diminished by non-toxic treatment with added Zn2+, Cd2+ or Hg2+

salts. Cells were exposed for 20 h to 20 mM ZnCl2, 1 mM CdCl2 or
2 mM HgCl2, then induced for 1 h with LPS, and assessed for
production of oxygen free radicals as described in Methods section.
The mean of 5 independent measurements+s.d. is plotted for each
column. *Signi®cantly di�erent from mean values for untreated
control cells; **signi®cantly di�erent from mean values for cells
treated with LPS alone; ***signi®cantly di�erent from mean values
for cells treated with LPS alone, and cells pretreated with Zn2+ or
Cd2+ salts before LPS induction.
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Figure 8 (a) Interleukin-1b (IL-1b) and (b) metallothionein-2 (MT-
2) mRNA induction by LPS treatment of THP-1 cells is diminished
by nontoxic 20 h pretreatment with 20 or 40 mM ZnCl2, 1 mM CdCl2
or 2 mM HgCl2. Metal salt and LPS treatments, and MT-2, IL-1b,
and 18S rRNA measurements, were performed as described in
Methods section. Plotted values are the mean of 3 measure-
ments+s.d. relative to the value for untreated control cells, for
which values were normalized to 1.0. ASigni®cantly di�erent from
mean values for untreated control cells; B signi®cant di�erent from
mean values for LPS-treated cells; Csigni®cantly di�erent from mean
values for 20 mM Zn2++LPS-treated cells; Dsigni®cantly di�erent
from mean values for 40 mM Zn2++LPS-treated cells; Esigni®cantly
di�erent from mean values for 1 mM CdCl2+LPS-treated cells.
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Discussion

We assessed the ability of low, non-toxic concentrations of
Cd2+ and Hg2+ to modulate activation of human monocytes in

vitro. We demonstrated previously that non-toxic pretreatment
of monocytic leukaemia THP-1 cells with zinc depressed LPS-
induced activation (Leibbrandt & Koropatnick, 1994), in spite
of the fact that most e�ects of zinc treatment appear to sti-
mulate mononuclear cell functions (Keen & Gershwin, 1990).
As with zinc, low levels of both cadmium and mercury in-
hibited not only oxygen radical production, but cytokine
production (IL-1b) normally induced by LPS. Interestingly,
MT-2 mRNA and protein induction, normally markedly in-
duced by LPS treatment, were signi®cantly inhibited by cad-
mium and mercury pretreatment, similar to the inhibition
observed after zinc exposure. Antisense RNA-mediated spe-
ci®c inhibition of MT expression abolishes LPS-induced acti-
vation (Leibbrandt et al., 1994), indicating a critical role for
MT in monocyte activation. In view of this role, it is possible
that LPS-induced repression of MT following metal induction
may be a causal event in the lower level of activation observed
after metal induction of MT expression.

The lower level of production of MT, IL-1b and oxygen
radicals following combined zinc and LPS treatment did not
result from a synergistic e�ect of metal plus LPS to induce
cellular toxicity. Cells treated with Hg2+, CD2+ or Zn2+ plus
LPS continued to proliferate at least as well as cells treated
with LPS alone. In fact, cells exposed to metals followed by
LPS had a slightly higher proliferation potential (data not
shown) and less propensity to attach themselves to tissue cul-
ture plates (Figure 10) than cells induced with LPS alone. Since
activation stimulates terminal di�erentiation in macrophages
(characterized by increased cellular adherence and decreased
proliferation (Auwerx et al., 1989)) metal pretreatment-in-
duced decreases in these e�ects may be a further indication of
decreased activation.

Zn2+ or Cd2+ treatment alone (without subsequent LPS
activation) increased MT-2 mRNA ten to fourteen fold (Fig-
ure 4). LPS induction of metal-pretreated cells induced a de-
crease in MT-2 mRNA to levels four to ®ve fold higher than
control cells (Figure 7). This is in agreement with our previous
observation of rapid (within 15 min), time-dependent down-
regulation of both MT mRNA and MT protein levels in re-
sponse to LPS in zinc-pretreated monocytes (Leibbrandt &
Koropatnick, 1994). The mechanism by which downregulation
occurs remains to be elucidated. However, the short time-
period within which it occurs suggests to us that LPS-induced
MT mRNA and protein degradation, rather than inhibition of
MT gene transcription, may be the cause (Leibbrandt et al.,
1994).

The mechanism by which these metals a�ect LPS-induced
activation is not known. Evidence suggests that LPS signals
activation through interactions with an LPS-binding protein
that associates with the CD14 glycoprotein in the monocyte
plasma membrane. Higher LPS concentrations may activate
through a mechanism not mediated by CD14 (Haziot et al.,
1996). Interestingly, we have seen that activation of THP-1
cells by phorbol myristate acetate is inhibited by Hg2+, Cd2+

and Zn2+ pretreatment (manuscript in preparation). Phorbol
myristate acetate-induced activation is independent of CD14,
but, like LPS, proceeds through a protein kinase C-mediated
pathway (Nishizuka, 1992). This suggests that metal-mediated
suppression of activation occurs through a mechanism that
alters events within or following protein kinase C signalling,
rather than a�ecting the function of CD14.

We have previously shown that downregulation of MT in
THP-1 cells abolishes LPS-induced activation (Leibbrandt et
al., 1994). It would be reasonable to expect that metal pre-
treatment to induce MT would enhance rather than inhibit
activation. However, we observed the opposite. Although the
data presented here do not resolve the issue, we believe that at
least two hypotheses may explain the observations. First, MT
levels might need to be in a relatively narrow range in order to
mediate induction of activation: either increasing or decreasing
those levels would have a negative e�ect. Second, metal
treatment can a�ect the expression of other genes in addition
to those encoding MT. In view of this latter possibility, non-

1 2 3 4 5 6

lL–1β

MT-2

18S

Figure 9 Representative Northern blot of data presented in Figure
8. THP-1 cells were treated for 20 h with, or without (control cells),
Hg2+, Zn2+ or Cd2+ salts, activated with bacterial LPS, and
assessed for hIL-1b and hMT-2 mRNA. 18S rRNA blots are shown
to indicate comparative RNA loading in each lane. Lane 1: control
cells minus LPS induction; lane 2: control cells plus LPS induction,
lane 3: 20 mM Zn2+-pretreated cells plus LPS induction; lane 4:
40 mM Zn2+-pretreated cells plus LPS induction; lane 5: 1 mM Cd2+-
pretreated cells plus LPS induction; lane 6: 2 mM Hg2+-pretreated
cells plus LPS induction.
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Figure 10 Enhanced adhesion induced in THP-1 cells by LPS is
diminished by non-toxic treatment with Zn2+, Cd2+ or Hg2+ salts.
THP-1 cells, 36106 were treated for 45 min with LPS (40 mg ml71)
and adherent cells measured as described in Methods section.
ASigni®cantly di�erent from untreated control; Bsigni®cantly di�erent
from cells treated with LPS alone.
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MT factors induced by metals might act independently, or in
conjunction with MT, to inhibit activation potential. We are
transfecting monocytes with expression vectors designed to
increase the intracellular concentration of MT speci®cally in a
stepwise manner without treatment with exogenous metals.
Assessment of the activation potential of these cells will test
these hypotheses.

Zinc is known to stabilize plasma and lysosomal mem-
branes (Bettger & O'Dell, 1981). Cd2+ (Muller & Menzel,
1990) and Hg2+ (Benov et al., 1990; Rungby & Ernst, 1992)
induce events that lead to lipid peroxidation in cellular
membranes. It is possible that mild peroxidation events that
do not lead to cellular toxicity nevertheless interfere with LPS
interactions important in signal transduction. In addition,
Hg2+, Zn2+ and Cd2+ all interact with metallothionein:
considering the important role that MT plays in activating
monocytes (Leibbrandt et al., 1994), metal ion/MT interac-
tions may directly a�ect MT activities critical to monocyte
activation or MT protein stability. The presence of the metal
ions alone can also induce MT gene transcription. Altered
MT gene transcription, stability, and/or function as a result
of the presence of low levels of Hg2+, Zn2+ or Cd2+ could
lead to diminished response to LPS. MT has been suggested
to control homeostatically availability of zinc to proteins
important in signalling or mediating activation (Kagi &
Scha�er, 1988; Zeng et al., 1991; O'Halloran, 1993; Leib-
brandt et al., 1994) and can bind and inactivate reactive
oxygen species (Tamai et al., 1993; Chubatsu & Meneghini,
1993) important in regulating eukaryotic transcription factors
(Angel et al., 1987; Devary et al., 1991; Alam & Smith, 1992;
Gralla & Kosman, 1992). In this capacity, altered MT ex-
pression and/or function could have profound e�ects on the
ability of LPS to activate cells, or for monocytes to carry out
activation-associated events.

The non-toxic concentrations of Zn2+ capable of inhibiting
monocyte activation (20 ± 40 mM) are close to the physiological

range of 13 ± 17 mM in human blood (Goyer, 1991), raising the
possibility that physiological changes in plasma Zn2+ con-
centration may have consequences for human white blood cell
function in vivo. Whether the inhibitory concentrations of
Cd2+ or Hg2+ are also within plasma concentration ranges
achieved in man or animals exposed to these metal ions is more
di�cult to assess, as the very rapid clearance of these metals
from plasma after both acute and chronic exposure makes
measurement of metal concentrations within the plasma
compartment highly variable (Friberg & Elinder, 1992).
Nevertheless, Cd2+ and Hg2+ concentrations that inhibit ac-
tivation were clearly ten to twenty fold lower than the mini-
mum concentration required to induce measurable toxicity.

In summary, low-level pretreatment of human monocytes
with Hg2+, Cd2+ or Zn2+ salts profoundly decreases the ability
of these cells to respond to activation by bacterial LPS. Al-
though metals at these low concentrations exert no detectable
toxicity, they are capable of transmitting transcriptional sig-
nals, since MT-2 mRNA and MT protein are induced by all
metal treatments. Subsequent LPS induction diminishes MT
mRNA and protein levels, in contrast to the upregulation in
MT expression associated with activation of monocytes not
pre-exposed to metals. Depression of monocyte activation (an
anti-in¯ammatory e�ect) may be an important consequence of
chronic, low-level exposure to both essential and non-essential
metals at levels below those that induce measurable cytotoxi-
city or decreased proliferation potential.
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