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Abstract: With increasing life expectancy and active lifestyles, the longevity of arthroplasties
has become an important problem in orthopaedic surgery and will remain so until novel
approaches to joint preservation have been developed. The sensitivity of the recipient to the
metal alloys may be one of the factors limiting the lifespan of implants. In the present study,
the response of human monocytes from peripheral blood to an exposure to metal ions was
investigated, using the method of real-time polymerase chain reaction (PCR)–based low-
density arrays. Upon stimulation with bivalent (Co2� and Ni2�) and trivalent (Ti3�) cations
and with the calcium antagonist LaCl3, the strength of the elicited monocytic response was in
the order of Co2� > Ni2� > Ti3� > LaCl3. The transcriptional regulation of the majority of
genes affected by the exposure of monocytes to Co2� and Ni2� was similar. Some genes
critically involved in the processes of inflammation and bone resorption, however, were found
to be differentially regulated by these bivalent cations. The data demonstrate that monocytic
gene expression is adapted in response to metal ions and that this response is, in part, specific
for the individual metals. It is suggested that metal alloys used in arthroplasties may affect the
extent of inflammation and bone resorption in the peri-implant tissues in dependence of their
chemical composition. © 2005 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 76B:
449–455, 2006
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INTRODUCTION

Despite the general success of total joint arthroplasties, asep-
tic loosening has remained a frequent cause of implant fail-
ure. It is recognized that in the long term, local and remote
tissue responses may severely affect the final outcome. Of
particular interest is the biocompatibility of the prosthetic
materials, because due to wear particles1 shed from the im-
plant and to metal ions, which may remain free or become
bound to proteins,2,3 a chronic inflammatory response is
elicited as a consequence, which, may induce resorption of
the peri-implant bone.4,5 Therefore, the sensitivity of the
recipient to the metal alloys may be one of the factors limiting
the lifespan of implants.6

Contact hypersensitivity to metals, for example, to nickel,
is a well-known phenomenon.7 Presently, however, it is not
clear whether similar processes take place in the depth of the
tissue as well. Delayed hypersensitivity reactions of the type
IV have been suggested to contribute to the loosening of
orthopaedic implants, but the correlation still awaits confir-
mation.8 On the other hand, implant alloys in contact with

biological systems undergo corrosion, leading to the release
of metal ions into the periprosthetic tissues and the circula-
tion.6 These increased levels of metal ions in the body fluids
can induce an extended low level response. Indeed, elevated
concentrations of Ni2�, Co2�, Ti3�, and of other metal ions
were found in serum and urine of carriers of implants.9

Although these levels of metal ions were usually low, they
may, over extended periods of time, cause a change in the
hematopoietic microenvironment regulating the turnover of
the peri-implant bone.

Cells of the monocytic and the lymphoid lineages were
previously found to release an array of cytokines such as
tumor necrosis factor-� (TNF�), interleukin-1 (IL-1), IL-6,
and IL-8 in response to a challenge with metal ions in vitro.10

The mechanisms responsible for the release of the cytokines,
however, are not yet elucidated. Little is known whether the
free or the protein-bound ions elicit the cellular responses. It
can be assumed that, to a large degree, metal ions will be
complexed by serum proteins. Size fractionation of sera, to
which metal ions were added, indeed allowed the identifica-
tion of protein fractions enriched in metals,2 and subse-
quently, these protein fractions were found to exert stimula-
tory effects in lymphocyte activation assays.2

Within the present study, the response of human mono-
cytes from peripheral blood to an exposure to metal ions was
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investigated in vitro. For this purpose, low-density arrays
(LDA) on microfluidic cards were custom made, allowing for
an accurate simultaneous quantitation of mRNA levels of 4 �
96 genes by real-time polymerase chain reaction (RT-PCR).
The results demonstrate that metal ions elicit a reproducible
and specific response in monocytes.

METHODS

Isolation of Mononuclear Cells from Peripheral Blood
(PBMC)

Human PBMC were isolated from buffy coats, which are
commercially available (Blutspendezentrum Berne, CH), by
Ficoll/Hypaque (Oxoid, Basle, CH) gradient centrifugation.
Briefly, the buffy coats were diluted 1:8 with RPMI1640
medium (SIGMA, Buchs, CH), placed on top of Biocoll
separation solution (ratio 3:2), and centrifuged for 20 min at
1200 g. The upper layer was discarded, while the interphase,
containing the PBMC, was washed twice with phosphate-
buffered saline (PBS) and resuspended in RPMI1640/5%
FBS (Inotech AG, Dottikon, CH), containing 1.5% Hepes
buffer (SIGMA, Buchs, CH) and 1% penicillin/streptomycin
(GIBCO BRL, Life Technologies, Basle, CH). Subsequently,
the monocytes were separated from the cells of the lymphoid
lineages by their capacity to adhere to plastic surfaces.

Treatment of Monocytes with Metal Salts

To investigate the gene expression of monocytes after a
challenge with metal ions, 4 � 106 PBMC per milliliter were
distributed into 24-well plates. After 3 h, the nonadherent
cells were removed and new medium was added, supple-
mented with either CoSO4 � 7H2O, NiCl2 � 6H2O, and TiCl3
at a concentration of 100 �M. The cells were cultured for 40 h
and 64 h, respectively, without a change of medium.

RT-PCR

To determine the levels of mRNAs encoding cytokines syn-
thesized by monocytes treated with metal ions, total RNA
was isolated using the RNeasy Mini Kit from Qiagen (Basle,
CH), according to the recommendations of the manufacturer.
For amplification in an ABI PRISM 7700 system (Applied
Biosystems, Rotkreuz, CH), the following Assays-on-De-
mand (Applied Biosystems, Rotkreuz, CH) were used: TNF�
(assay Hs00607029_m1); interleukin-8, IL-8 (assay
Hs00174103_m1); vascular endothelial growth factor, VEGF
(assay Hs00173626_m1); and colony-stimulating factor-1,
CSF-1 (assay Hs00174164_m1). The CT values were normal-
ized against 18S rRNA (assay Hs99999901_s1). The reac-
tions were performed using TaqMan Universal PCR Master
Mix (Applied Biosystems, Rotkreuz, CH), Assay-on-Demand
mixture diluted 1:20, and 1 ng (0.01 ng for 18S rRNA)
cDNA. The reactions were preincubated for 2 min at 50°C,
followed by 10 min at 95°C. Thereafter, 45 cycles of 15 s at
95°C and 1 min at 60°C each were performed. The reactions

were analyzed using the ABI PRISM sequence detection
application software SDS V1.9.1.

Low Density Arrays

LDAs (Applied Biosystems, Rotkreuz, CH) are a tool to
quantify the levels of up to 384 cDNA species simulta-
neously. In the present study, 4 sets of 96 Assays-on-Demand
were preloaded onto each card (Table I). Each set contained
14 reference genes [GUSB (�-glucuronidase), HPRT1 (hy-
poxanthine phosphoribosyltransferase 1), HMBS (hydroxy-
methylbilane synthase), RPLP0 (large ribosomal protein P0),
PPIA (peptidylprolyl isomerase A), SDHA (succinate dehy-
drogenase complex, subunit A), B2M (�2-microglobulin),
NULL (TATA box binding protein), PGK1 (phophoglycerate
kinase 1), ACTB (�-actin), GAPDH (glyceraldehyde-3-
phosphate dehydrogenase), YWHAZ (tyrosine 3-monooxy-
genase/tryptophan 5-monooxygenase activation protein),
UBC (ubiquitin C), TFRC (transferrin receptor)] for stan-
dardization and 82 genes of interest. The ABI PRISM
7900HT system (Applied Biosystems, Rotkreuz, CH) was
used to perform the PCR and the data were analyzed with the
sequence detection application software SDS V2.1. The cy-
cling protocol was identical to the one used for conventional
RT-PCR. The stability of the expression of the transcripts
encoding the control genes was assessed using the software
GeNorm 3.3, which is distributed freely by the authors.11

RESULTS

Within the present study the gene expression of human
monocytes treated with metal ions was investigated with
the following aims: (i) application of the novel methodol-
ogy of microfluidic cards for the performance of quantita-
tive LDAs; (ii) evaluation of the stability of the expression
of transcripts encoding housekeeping genes to be used to
normalize expression levels; (iii) reproducibility of the
data using monocytes from different donors; and (iv) eval-
uation of the specificity of the monocytic response to
different metal ions.

Stability of Standard Genes

Within this study, a set of 14 standard housekeeping genes
was used. A group of three genes, namely hypoxanthine
phosphoribosyltransferase 1 (HPRT1), succinate dehydro-
genase complex subunit A (SDHA), and peptidylprolyl
isomerase A (PPIA), was found to be expressed most
stably and was subsequently used for normalization of the
data [Figure1(A)].

Genes Induced in Monocytes by the Treatment with
Metal Ions

The genes that were tested using the microfluidic cards were
divided into three groups: (i) cytokines, chemokines, and
receptors [Figure1(B)]; (ii) genes previously found to be
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differentially expressed in cells treated with Co2� and un-
treated control monocytes [Figure 2(A)]; (iii) other genes
[Figure 2(B)].

Cytokines, Chemokines, and Receptors. In Figure 1(B),
the changes in mRNA levels are summarized. The genes
were, in dependence of their degree of upregulation, assigned
to a group of slightly upregulated (2–5-fold), upregulated
(5–10- and 10–20-fold), and highly upregulated (20–100-
and �100-fold) sequences. Genes that were downregulated

(treated/control � 0.25) were not further distinguished.
Within this group, six transcripts were consistently elevated
in monocytes treated with Co2� and with Ni2�, respectively,
after 40 h and 64 h. This group included the transcripts
encoding IL-1�, IL-1�, IL-1 receptor antagonist, IL-6, GM-
CSF, and G-CSF. Though less pronounced, most members of
this group of transcripts were elevated upon treatment with
Ti3� (IL-1� 1 of 3 after 40 h and 1/2 after 64 h; IL-1� 2/3 and
2/2; IL-1RA 2/3 and 2/2; IL-6 2/2 and 2/2; GM-CSF 1/3 and
0/2; G-CSF 2/3 and 2/2) as well. Treatment of the monocytes

TABLE I. Assays on Demand Preloaded onto the LDA

GUSB SOCS3 CSF2 SMT3H2
Hs99999908_m1 Hs00269575_s1 Hs00171266_m1 Hs00749548_s1
HPRT1 LOC51185 CD8A SH3BGRL
Hs99999909_m1 Hs00372271_m1 Hs00233520_m1 Hs00161654_m1
HMBS PPP2R1B A2M IL1B
Hs00609297_m1 Hs00184737_m1 Hs00163474_m1 Hs00174097_m1
RPLP0 CLECSF5 ID2 ACE
Hs99999902_m1 Hs00183780_m1 Hs00747379_m1 Hs00174179_m1
PPIA IL3 NOS2A TNFRSF11B
Hs99999904_m1 Hs00174117_m1 Hs00167248_m1 Hs00171068_m1
SDHA LTA HAX1 IL4
Hs00188166_m1 Hs00236874_m1 Hs00740060_g1 Hs00174122_m1
B2M CASP1 GLRX VEGF
Hs99999907_m1 Hs00354836_m1 Hs00829752_g1 Hs00173626_m1
NULL CCL5 TNFRSF1A INHBB
Hs99999910_m1 Hs00174575_m1 Hs00533560_m1 Hs00173582_m1
PGK1 IL18 SGNE1 LYZ
Hs99999906_m1 Hs00155517_m1 Hs00161638_m1 Hs00426231_m1
ACTB IL17 TNFSF11 ILIA
Hs99999903_m1 Hs00174383_m1 Hs00243519_m1 Hs00174092_m1
4342376 IL6 CCR2 RAC1
GAPDH Hs00174131_m1 Hs00174150_m1 Hs00251654_m1
FLJ22728 DKFZP566A1524 TNFRSF11A NFKBIA
Hs00386153_m1 Hs00229289_m1 Hs00187189_m1 Hs00153283_m1
CCL2 CSF1 C3 HSPA4
Hs00234140_m1 Hs00174164_m1 Hs00163811_m1 Hs00382884_m1
PPBP INHA CSF2RA CD44
Hs00234077_m1 Hs00171410_m1 Hs00538896_m1 Hs00174139_m1
TXNRD1 HIG1 HECTD1 SPP1
Hs00182418_m1 Hs00854612_gH Hs00383290_g1 Hs00167093_m1
HIF1A CXCL5 CTNND1 FCMD
Hs00153153_m1 Hs00607029_g1 Hs00609741_m1 Hs00198776_m1
PTGS2 EROIL TNF RNASE6
Hs00153133_m1 Hs00205880_m1 Hs00174128_m1 Hs00377819_m1
CSF3 TNFAIP6 NFKBIB IL7 interleukin 7
Hs00357085_g1 Hs00200178_m1 Hs00182115_m1 Hs00174202_m1
LSM3 IL10 INHBA UEV3
Hs00829860_g1 Hs00174086_m1 Hs00170103_m1 Hs00217789_m1
CSF1R UBC CD68 CD4
Hs00234617_m1 Hs00824723_m1 Hs00154355_m1 Hs00181217_m1
ADAM17 TNFRSF1B IL8 IL13
Hs00234224_m1 Hs00153550_m1 Hs00174103_m1 Hs00174379_m1
YWHAZ STAT3 CCR5 IL1RN
Hs00237047_m1 Hs00234174_m1 Hs00152917_m1 Hs00174099_m1
NFKB2 NFKB1 TGFB1 TFRC
Hs00174517_m1 Hs00765730_m1 Hs00171257_m1 Hs99999911_m1
EIF5 ALOX5AP ARNT TNC
Hs00608104_m1 Hs00233463_m1 Hs00231048_m1 Hs00233648_m1
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Figure 2. Low-density arrays for sequences identified by subtractive hybridization to be regulated by
Co2� and for other sequences. Co2� was previously found to induce strong responses in monocytes
and a number of genes that were identified to be regulated by this metal were included in the LDA (A).
In addition, the LDA included transcription factors and enzymes which are known to play crucial roles
in inflammatory responses (B). Green colors indicate upregulation of the transcripts in response to the
exposure to metal ions or LaCl3, while red colors indicate downregulation of the respective transcripts.
The experiments were performed with seven (A–G) and five (A, D–G) independent monocyte prepa-
rations for exposures of 40 h to Co2� and Ni2�, respectively, and with two cell preparations (F, G) for
64 h. Three and two independent experiments were included with Ti3�, and two with LaCl3.

Figure 1. Low-density arrays for control genes and cytokines, chemokines, and their receptors.
Monocytes from different buffy coats (A–G) were treated with Co2�, Ni2�, Ti3�, and LaCl3 for 40 h and
64 h, respectively. Total RNA was prepared, reverse transcribed, and quantitative PCR was performed
using LDAs. The data are given as treated/control for each measurement. The control genes (A) are not
or only slightly upregulated and after combining all assays, HPRT1, SDHA, PPIA were found to be the
most stably expressed control genes. Among the genes encoding growth factors, cytokines and
receptors (B), green colors indicate upregulation of the transcripts in response to the exposure to
metal ions or LaCl3, while red colors indicate downregulation of the respective transcripts. The
experiments were performed with seven (A–G) and five (A, D–G) independent monocyte preparations
for exposures of 40 h to Co2� and Ni2�, respectively, and with two cell preparations (F, G) for 64 h.
Three and two independent experiments were included with Ti3�, and two with LaCl3.
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with LaCl3 at 10 �M did not affect significantly the expres-
sion levels of this group of six transcripts.

While the expression of the majority of the transcripts was
modulated similarly by treatment with Co2� and Ni2�, levels
of mRNA encoding CSF-1, a major osteoclastogenic cyto-
kine, were increased exclusively by the exposure of the
monocytes to Co2�. To a lesser extent, but consistently, Co2�

also induced an increase in the levels of mRNA encoding
GM-CSF receptor � chain. Ni2�, Ti3�, and LaCl3 did not
change the levels of these two transcripts.

Ni2�, on the other hand, exerted a strong effect on the
levels of mRNA encoding VEGF as compared to Co2� (5/5
vs. 1/7 at 40 h). Furthermore, Ni2� exerted a slightly stronger
effect on the expression levels of transcripts encoding IL-10
(1/7 for Co2� at 40 h vs. 2/5 for Ni2�), IL-13 (2/7 vs. 3/5),
and IL-17 (3/7 vs. 4/5) than did Co2�.

Among the transcripts that are little regulated by either of
the treatments are TNF�, which was found to be released at
high levels by monocytes treated with Co2� (not shown), but
also RANKL (TNFSF11) and OPG (TNFRSF11B), and
RANK (TNFRSF11A).

Genes Found to be Differentially Expressed in Cells
Treated with Co2� and Untreated Control Monocytes

The transcriptional regulation of a second group of genes,
which was previously found to be induced in monocytes
treated with Co2�, was investigated [Figure 2(A)]. In this
study, only part of these sequences could be confirmed to be
modulated by metal ions. Again, some of the genes were
upregulated both by Co2� and Ni2�, while others were af-
fected specifically by one or the other metal salt only. Ti3�

effects in general were considerably weaker when compared
to Co2� and Ni2�, while LaCl3 was ineffective. Transcripts
encoding inhibin beta A (INHBA), osteopontin (SPP1),
TNF�-induced protein 6 (TNFAIP6), and IL-8 were all ele-
vated consistently upon treatment of the monocytes with 100
�M Co2� and Ni2�, respectively. Transcripts encoding C-
type lectin superfamily member 5, CLEXSF5 (5/7 upregu-
lated by Co2�, and 2/5 upregulated by Ni2� after 40 h and 2/2
and 2/2 after 64 h), arachidonate-5-lipoxygenase-activating
protein, ALOX5AP (7/7 and 0/5 after 40 h and 2/2 and 1/2
after 64 h), �2-macroglobulin, A2M (6/7 and 2/5 after 40 h
and 2/2 and 1/2 after 64 h), chemokine (CXC) ligand 7, PPBP
(3/7 and 1/5 after 40 h and 2/2 and 1/2 after 64 h), thioredoxin
reductase 1 (TXNRD1) (7/7 and 0/5 after 40 h and 2/2 and
1/2 after 64 h), chemokine (CXC) ligand 5 (5/7 and 2/5 after
40 h and 2/2 and 2/2 after 64 h) were predominantly induced
by treatment with Co2�, while transcripts encoding ERO-1
like protein, ERO1L, were induced by Ni2� only after 40 h
and 64 h. From this group of transcripts, only osteopontin and
IL-8 were increased in response to Ti3�. Inconsistencies in
the regulation of transcript levels in response to the exposure
to Co2� and Ni2� were found for the small GTP binding
protein rac-1 (3/7 and 2/5 after 40 h) and inhibitor of DNA
binding 2, ID2 (3/7 and 2/5 after 40 h). The other transcripts
were upregulated in one or none of the monocyte prepara-
tions.

Although the levels of transcripts downregulated by the
treatments with metal ions were not analyzed in detail, it is
remarkable that the levels of mRNA encoding lysozyme,
LYZ, are highly downregulated.

Other Genes. Among the last group of sequences inves-
tigated within this study are transcription factors and enzymes
[Figure 2(B)]. From this group, the levels of only two tran-
scripts were found to be regulated in response to metal ions,
TNF� converting enzyme, ADAM17, which was upregulated
in 5/7 monocyte preparations upon exposure to Co2� after
40 h, and prostaglandin G/H synthase and cycloocygenase-2,
PTGS2, which was upregulated upon treatment with Co2�

and Ni2� in 5/7 and 5/5 samples, respectively, after 40 h.
None of the treatments was found to affect the TNF� signal-
ing molecules of the NF-kB pathways at the transcriptional
level.

Confirmation of LDA Data by Conventional RT-PCR

To confirm the data from the above described LDAs, a few
selected transcripts were quantified independently by conven-
tional RT-PCR (Figure 3). The levels of the transcripts en-
coding the cytokines and growth factors TNF�, IL-8, CSF-1,
and VEGF have been quantified in the preparation of mono-

Figure 3. Confirmation of LDA data by conventional RT- PCR. To
confirm the LDA data, transcripts encoding TNF�, IL-8, CSF-1, and
VEGF were quantified by RT-PCR in total RNA from monocytes that
were isolated from buffy coat F. In agreement with the previous data,
transcripts encoding TNF� were only slightly upregulated in response
to Co2� and Ni2� (�3-fold), while IL-8 mRNA was upregulated up to
6-fold in this experiment. Transcripts encoding CSF-1 were highly
upregulated in response to Co2� only, while the increase in the levels
of VEGF mRNA was limited to the treatment of the monocytes with
Ni2�. Ti3� exerted small effects only on the levels of transcripts
encoding these four growth factors.
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cytic mRNA from buffy coat F, using the respective Assays-
on-Demand. Transcripts encoding TNF� were found to be
slightly upregulated with 100 �M Co2�, while Ni2� at the
same concentration did not affect TNF� mRNA levels. After
64 h of treatment, the levels of TNF� transcripts remained
slightly elevated in the presence of Co2�, while Ni2� again
did not exert a significant effect. It should be noted that levels
of transcripts encoding TNF� were not elevated consistently
upon treatment of the cells with metal ions (Figure 2). In
contrast to TNF�, levels of transcripts encoding IL-8 were
increased upon stimulation with 100 �M Co2�, Ni2�, and
Ti3�, respectively, after 40 h and 64 h. No differences could
be seen in the levels of transcripts at the two time points.

The expression of transcripts encoding CSF-1 and VEGF
were confirmed to be dependent on the metal ions used for the
treatment of the cells. Thus, CSF-1 mRNA was upregulated
by 100 �M Co2� after 40 h and 64 h. No induction was
observed, however, at any time point with Ni2� or Ti3�.
VEGF transcripts on the other hand were elevated upon
treatment of the cells with 100 �M Ni2� after 40 h and 64 h,
while treatment with Co2� or Ti3� did not exert an effect on
the levels of these transcripts.

DISCUSSION

Tissue reactions to particulate prosthetic materials in the form
of wear particles or to metal ions may be contributing to the
loosening of prosthetic implants.12 Two processes may cause
these adverse reactions: a local reaction of aseptic inflamma-
tion in the periprosthetic tissues and a systemic reaction
elicited by metal ions entering the circulation. Within the
present study, gene expression of human monocytes from
peripheral blood in response to an exposure to metal ions was
investigated using LDAs. These arrays not only allow for the
investigation of the expression of up to 384 transcripts simul-
taneously, but this is possible in a quantitative manner.

The genes investigated in this study were assigned to
groups according to their functions. For any standardization,
a careful analysis of the putative control genes is most rele-
vant. Individual genes that are thought to be stably expressed
may be regulated in vitro, depending on cell type, growth and
differentiation behavior, or used as controls and the culture
conditions. A group of 14 genes was used as control and the
stability of their expression was calculated for internal stan-
dardization. The expression levels of this group of mRNAs
were very similar throughout the total data set (with the
exception of YWHAZ), and a group of three genes (HPRT1,
SDHA, PPIA) was subsequently used to calculate the corre-
lation factor for normalization.11

Within the present study, particular attention was directed
towards the transcriptional regulation of chemokines, cyto-
kines, and growth factors by monocytes in response to the
exposure to metal ions. Indeed, a number of cytokines were
induced by the treatment, suggesting that the monocytes will
be able to contribute to a systemic and local osteoclastogenic
environment. Transcripts encoding TNF�, IL-1� and –1�,
and IL-6, all potent stimulators of bone resorption in vivo and

in vitro13 were found to be upregulated by Co2� and Ni2�,
and, to a lesser extent, by Ti3�. Similarly, levels of mRNAs
coding for G-CSF and GM-CSF, the former being a factor
mobilizing osteoclastogenic precursors from the marrow,14

the latter being an effective inhibitor of osteoclastogenesis15

were found to be elevated by metal ions. The increase in the
expression of these cytokines may contribute to the genera-
tion of an inflammatory milieu, increasing the recruitment of
inflammatory cells, in particular of the monocyte/macrophage
lineages and as a consequence may lead to the increase in the
pool of circulating osteoclast precursors.

Most interesting was the finding that levels of transcripts
encoding the essential osteoclast growth factor CSF-116 were
upregulated exclusively by Co2�, while Ni2� and Ti3� ex-
erted virtually no effects on the levels of this mRNA. On the
other hand, mRNA encoding the angiogenesis inducing
growth factor VEGF, which was previously shown to be
released by monocytes/macrophages in response to biomate-
rial particles,17 and which is most relevant for the develop-
ment and migration of osteoclasts in developing bones18,19

was induced by Ni2�, while Co2� and Ti3� were ineffective.
Treatment of monocytes with metal ions did not affect the
levels of transcripts encoding the essential osteoclast growth
factor RANKL20 and the inactivating decoy receptor OPG.21

The activity of RANKL is determined by the ratio of ligand
and decoy receptor, and the lack of transcriptional regulation
of either one suggests that RANKL may not play an essential
role in the primary response of monocytes to metal ions.22

Genes expressed by monocytes after treatment with metal
ions contribute differentially to inflammatory processes or
bone resorption or to both. Several of the regulated genes,
such as CXCL5 and CXCL7, IL-8, and inhibin Beta A, have
previously been shown to support the development of oste-
oclasts,23,24 but others, such as GM-CSF, exert a strong
inhibitory effect on osteoclastogenesis.15 Further factors
known to induce osteoclastogenesis, such as the aforemen-
tioned RANKL or IL-3 (multi-colony-stimulating factor),25

were not found to be regulated in dependence of the treatment
of the monocytes with metal ions.

A last question concerned the homogeneity of the mono-
cytic response towards an exposure to metal ions. The data
demonstrate that in most monocyte populations, the transcrip-
tion of a similar set of genes was activated in response to
Co2� and Ni2�, respectively. This finding suggests that the
reaction of PBMC to metal ions does not vary among indi-
vidual patients, but it will allow for a better assessment of the
biocompatibility of the individual components of metal al-
loys.

Within the present study, we have confirmed and extended
previous studies describing that monocytes become activated
to release numerous cytokines in response to an exposure to
metal ions. This response depends on the metals the cells are
treated with, since specific transcripts were found to be up-
regulated either by Co2� or Ni2�, while the overall reaction
to Ti3� was rather modest. The finding of the low activity of
the Ca2� antagonist LaCl3

26 on the induction of a monocytic
response further supports the hypothesis of a specific mech-
anism for each ion. Presently it is not yet clear how the metal
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ions induce the observed cellular response, though it is as-
sumed that they do so not as free ions but bound to serum
proteins.27 This would suggest that individual metal ions
specifically bind to specific protein(s), inducing a specific
cellular response. The elucidation of these mechanisms will
be a topic for further studies and may lead to a better
understanding of the molecular mechanisms causing the ac-
tivation of the cells of the monocyte/macrophage lineages in
response to metal ions.

The authors express their gratitude towards Professor Rolf Jaggi
(Department Clinical Research, University of Berne) for his expert
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evaluation of the data. We would like Mrs. Andrea Oberli and Mrs.
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