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Exposure to Ti compounds is today an occupational and environmental health hazard. Object of
this study was to determine "in vitro" effects of different Ti salts on cultured human peripheral blood
mononuclear cells (PBMC) proliferation and cytokine release. 10-4 and 10-7 M Ti compounds did not
modify spontaneous PBMC proliferation. Ti dioxide (a biocompatible material and sunscreen
component) did not exert effects on phytoemagglutinin (PHA) stimulated PBMC proliferation and on
PHA stimulated IFN-")' and TNF-a release from PBMC. On the other hand, 10-4 M Ti oxalate (with
wide industrial applications) and Ti ascorbate (used mainly in agriculture) inhibited about 70 % the
PHA stimulated PBMC proliferation; both these Ti compounds at 10-4 and to-7 M concentrations
significantly inhibited TNF-a release, while only Ti oxalate inhibited that oflFN-")'. Titanocene (used
in chemotherapy) did not exert effects on PBMC proliferation but markedly inhibited IFN-")' and TNF
a release. On the whole, this study demonstrates that Ti dioxide is not immunotoxic; Ti oxalate shows
marked immunotoxicity; titanocene exerts selective toxicity on cytokine release but not on PBMC
proliferation, while Ti ascorbate affects TNF-a release from PBMC but not IFN-")' release. In
conclusion, these data show that immunotoxicity of Ti depends on speciation.

Titanium (Ti) and its compounds play an
important role in occupational and environmental
exposure. Ti is a component of hard alloys used
in aircraft and car industries, in house building
and in other activities. Ti oxalate is mainly used
in the production of paints and pigments; Ti
ascorbate is utilized in agriculture; Ti dioxide
is not only a component of orthopedic and
orthodontic prothesis but also of sunscreens,
while other Ti compounds (e.g. titanocene) are
used as chemotherapeutic agents for treatment
of cancer diseases.

Ti ascorbate and other Ti compounds are
utilised in agriculture both as foliar spray to
plants (e.g. tomato) and as fertilizers added to

the root zone; they either exert bacteriostatic
and bactericidal effects or act as a fertilizers
playing a role in the nutrition of crop plants
(1,3)

Ti was shown to form biocomplexes with
cellular constituents (4); rats i.p. injected with
Ti as [44Ti] ammonium oxalotitanate showed
increased Ti in tissues (mainly spleen, femur
and kidney) after 19 days from the injection; at
this time Ti was excreted via urine and feces and
plasma; Ti (mainly associated with proteins)
was three times lower than after 16 hours from
the treatment; Ti compounds were found bound
both to macromolecules of the liver cytosol and
to plasma proteins. In another study on rats
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exposed to Ti ascorbate, it was shown that this
compound mainly existed as complex with
transferrin and that vTi accumulated in inflamed
regions of the kidney (5).

Different investigations demonstrated that
occupational exposure to Ti dioxide and Ti
tetrachloride may induce respiratory disorders
including pulmonary fibrosis as well as plaques
and diffuse thickening of the pleura; however a
role of occupational Ti exposure in inducing lung
cancer was not found in several studies (6-8).

Ti and Ti dioxide were evaluated as
biocompatible materials (9). Implants containing
T did not present corrosion effects unless fluoride
compounds were present (10); maxillo-facial
miniplates were well tolerated for up to 13 years
(11). However, periprothesic inflammation with
consequent ostheolisis was described after long
term from the implant of the prothesis (12). In
this regard, it was demonstrated that Ti modulates
"in vitro" the release ofbone associated cytokines
by human peripheral blood mononuclear cells
(PBMC) (13); moreover, Ti inhibited both
proliferation of T and B lymphocytes and
production of immunoglobulins in mice both
"in vitro" and "in vivo"(14).

There was concern for the utilization of Ti
dioxide as main component of sunscreens and
cosmetic creams since it was shown that this
compound could cause oxidative damage to
nucleic acid through free radical formation under
photoxidation (15). Other studies showed that
Ti dioxide exerts properties of photocathalitic
"killing" under aerial conditions; this was
increased by the superoxide dismutase (16). It
was also demonstrated that Ti dioxide induced
crossing-over and micronuclei formation in
hamster ovary cells (17). Another study
demonstrated that Ti dioxide may induce necrosis
of tumor cells by modifying the Ca?"metabolism
(18).

Several compounds containing Ti, as a metal
center, exert a wide spectrum ofantitumor effects.
These Ti compounds (including titanocene) have
been used in chemotherapy for 20 years (19);
the high affinity ofTi for phosphate groups may
also be important for explaining its biological
acti vity (20).

Although it is known that Ti compounds
exert immune effects, there are no studies for

comparing the immunotoxicity of different Ti
compounds. Object of this investigation are the
immune effects of four Ti compounds with a
role in occupational and environmental exposure.

MATERIALS AND METHODS

Isolation ofhuman peripheral blood mononuclear
cells (PBMC)

Nine healthy men volunteers (mean age 34
years, range 24-58 years) were recruited for this
study. They were not taking any drug and showed
routine blood analyses in the normal range. Fasting
EDTA-treated whole blood samples were obtained
from each subject at 8 a.m. and human peripheral
blood lymphocytes (PBMe) were purified by Ficoll
Hypaque (BioSpa Milan, Italy) density gradient
centrifugation, 20 min at 400 x g. After three washings
with Hank's balanced solution (HBSS), PBMC were
resuspended in RPMI 1640 added 10 % FCS, 2 mM
L-glutamine, 25 mM HEPES, 100 U/ml penicillin
and 100 u.g/rnl streptomycin (Sigma Chern. Co.,
Italy). The culture is designated as complete medium.

Cell proliferation
PBMC were suspended at 106 cells/ml in com

plete medium. 100 J.LI aliquots of cell suspension
were placed in each well of a standard 96-well
microtiter plate (Falcon, St. Louis, MO, USA). Cells
were then incubated at 37°C in humidified atmosphere
with 5% COz for 78 hours in the following conditions:
a) no other reagent added (control sample) .
b) with 20 u.g/ml phytohemagglutinin (PHA) (Sigma

Chern. Co., Italy) only.
c) with 10-4 or 10-7 M Ti dioxide (TiOz), Ti ascorbate

(CzHs)zrtci., Ti oxalate TiO(CP4)Z and titanocene
(Alfa Aesar, Cologno Monzese, Milano, Italy)
both in presence and absence of PHA.

d) with 10-4 or 10-5 M oxalic acid both in presence
and absence of PHA.

Ti salts were added from the 10-3 and 10-6 M
stock solutions previously prepared. None of the
reagents used contained endotoxin, as judged by
Limulus amebocyte assay (minimum detection level
0.1 u.g/ml).

Enzymatic immunoassay for the quantification
of cell proliferation.

Cell proliferation was evaluated using 5' -brorno
2' -deoxiuridine (BrdU) cell proliferation assay
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(Oncogene research products, Darmstadt, Germany).
BrdU was added to wells of the microtiter plate
during the final 24 hours culture. Cells were fixed
and permeabilized as well as the DNA was denaturated
by treatment for 30 min at room temperature with
fixative/denaturing solution. Anti-BrdU monoclonal
antibody was pipetted into the wells and allowed to
incubate for one hour. Unbound antibody was washed
away and horseradish peroxidase-coniugate goat anti
mouse was added for 30 min at room temperature.
Contents of wells were removed by inverting over
sink and tapping on paper towels. Chromogenic
substrate solution tetramethylbenzidine (TMB) was
added to each well and incubated in the dark at room
temperature for 15 min. Stop solution was added to
each well in the same order as the previously added
substrate solution. All reagents were provided with
the kit and used following the manufacturer's
instructions.

All experiments were performed in triplicate.
Absorbance in each well was measured using a
spectrophotometric plate reader at dual wavelengths
of450-540 nm. The color intensity was proportional
to the amount of incorporated BrdU in the cells and
this to the degree of cell proliferation.

Production and Measurement of cytokines.
Cultures were set up in 1 mllwell 24-wells

Costar plastic plates, using 0.8 ml ofPBMC containing
106 cells/well in complete medium, and the following
conditions:
a) no other reagent added (control sample)
b) with 10 u.g/rnl phytohemagglutinin (PHA) (Sigma

Chern. Co., Italy) only.
c) with 10-4or 10-7MTi02, Ti ascorbate (C2H5)2TiCI2'

Ti oxalate TiO(CP4)2 and titanocene (Alfa Aesar,
Cologno Monzese, Milano, Italy) in presence of
PHA

The cultures were then incubated at 37°C in
humidified athmosphere with 5% CO2for 48 hours;
cells were then checked for viability by trypan blue
dye exclusion by inverted Leica microscope analysis.
Supernatants were collected and stored at -70°C in
aliquots until analysis. Interferon (IFN) 'Y, and Tumor
Necrosis-Factor (TNF)« levels in culture supernatants
were determined by Quantikine colorimetric ELISA
kits (Benfer-Scheller, Key-Stone Laboratories,
USA) following the manufacturer's instructions.
AlI experiments were performed in triplicate.

Statistical analysis of the data.
Statistical analysis was performed with Statisti

ca, Release 4.5. Kolmogorov-Smirnov tests was used
to shown the data distribution.

RESULTS

Kolmogorov-Smirnov tests showed that most
of the data conformed to a non-parametric
distribution. In particular, the values of Ti salts
conformed more to a normal distribution
expressed as % (in relation to the corresponding
controls without Ti compounds) than as
absorbance units.

The values of spontaneous and PHA
stimulated PBMC proliferation in presence of
Ti salts are reported either in table 1 (expressed
as absorbance units) or in table 2 (expressed as
%). Table 2 reports the values of PBMC
proliferation in presence of oxalic acid expressed
as absorbance units, while table 3 reports those
of the PHA stimulated IFN--yand TNF-a release
from PBMC expressed as %.

Cell Proliferation
Addition of lO-4 and lO-7 M Ti compounds

to PBMC cultures did not modify their
spontaneous proliferation (Tab.I). Non
significant changes were found in PHA-stimulated
PBMe proliferation in presence of 10-4and 10-7 M
Ti dioxide and titanocene (Tab.I). On the other
hand, 10-4MTi oxalate and Ti ascorbate inhibited
about 70% PHA-stimulated PBMC proliferation
(tab.I). Non-significant inhibitory effects were
also found in PHA-stimulated PBMC in presence
of all Ti compounds at lO-7 M concentration
(Tab.!).

The stimulation index (S.l.) of proliferation
(ratio between PBMC proliferation stimulated/
non-stimulated by PHA) was significantly
inhibited only in presence of 10-4M Ti oxalate
and ascorbate (Tab. I)

10-4M (but not 10-5 M) oxalic acid increased
spontaneous PBMC proliferation, while both
10-4 and 10-5 significantly inhibited (about 30
%) the PHA stimulated PBMC proliferation
(Tab. II).

Cytokine production.
The spontaneous TNF-a release from PBMC
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Tab. I. Spontaneous and PHA stimulated proliferation of PBMC
incubated with and without 10-4 and 10-7 M Ti compounds.

Spontaneousproliferation

Control without metal

Ti oxalate

Titanocene

Ti dioxide

Ti ascorbate

PHA stimulatedproliferation

Control without metal

Ti oxalate

Titanocene

Ti dioxide

Ti ascorbate

190 ± 41

179 ± 18

183 ± 21

155 ± 12

491,46 ± 355*

1493 ± 201

1598 ± 144

439± 81 *

176 ± 29

1621 ± 166

178 ± 34

193 ± 22

190 ± 15

167 ± 14

1566 ± 526

1654 ± 221

1594 ± 154

1679 ± 170

Stimulation index (Sf) : ratio between PHA stimulated/spontaneous PBMCproliferation

Control without metal

Ti oxalate

Titanocene

Ti dioxide

Ti ascorbate

2.65 ± 2.15*

8.4 ± 1.63

8.91 ± 1.12

2.71 ± 1.21*

9.12 ± 1.73

9.01 ± 1.67

8.65 ± 1.34

8.39 ± 1.79

10.15 ± 1.02

Values (expressed as absorbance) are mean ± S.D.
Mann Whitney U test. Difference statistically significant in relation to the control cultures:
*p< 0.001.

was (mean ± S.D) 78 ± 42 pg/ml and the PHA
stimulated 1422 ± 351 pg/ml; the spontaneous
IFN-')' release from PBMC was of the order of
the detection limit (22 ± 11), while the PHA
stimulated release was 1178 ± 284 pg/ml.

10-4 and 10-7 M Ti dioxide did not affect
IFN-')' and TNF-a release from PBMC (Tab.III).
On the contrary, 10-4 and 10-7 M Ti oxalate
significantly inhibited both IFN-')' and TNF-a
release with a dose-response effect (Tab. III).
Titanocene affected cytokine release (as Ti

oxalate) but it did not significantly inhibit IFN
I' release at 10-7 M concentration. Furthermore
10-4 and 10-7 M Ti ascorbate inhibited the
release of TNF-a from PBMC but it did not
affect IFN-')' release (Tab. III).

DISCUSSION

Ti dioxide did not show immunotoxicity
also at high concentration (10-4 M), while Ti
oxalate and ascorbate demonstrated to be more
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Tab. II. Spontaneous and PHA stimulated proliferation of PBMC incubated with and
without 10-4 and 10-5 M oxalic acid

119

WithoutPHA

WithPHA

Stimulation index

Controls

178 ± 25

1581 ± 192

9.09 ± 1.45

10-4 M

237 ± 30*

1013 ± 132**

4.48 ± 0.97**

10-5M

181 ± 22

9985 ± 141**

5.65 ± 1.12**

Values (expressed as absorbance) are mean ± S.D.
Mann Whitney U test. Difference statistically significant in relation to the control cultures:
*p<0.01; **p< 0.001 .

104M 1O-7M
Tab. III. Percentage (in relation to control
cultures) ofPHA stimulated TNF-a and 1FN-
y release from PBMC stimulated by PHA in

TNF-a presence of 10-4 M e 10-7 M Ti compounds

Ti oxalate 44.9 ± 27.9 ** 63.6 ± 34.6 *
Values (expressed as percentage) are mean
±S.D.

Titanocene 21.3 ± 27.5 *** 85.6 ± 12 * TNF-a release from PHA stimulated PBMC
is 1422 ± 351 pg/ml; PHA stimulated 1FN-y

Ti dioxide 93.6 ± 14.5 90.2 ± 14.2 release from PHA stimulated PBMC is 1178
± 284 pg/ml.

Ti ascorbate 29.9 ± 10.2 *** 44 ± 13.6 ** Mann Whitney U test. Difference statistically
significant in relation to the control cultures:

IFN-)' **p<0.01 ***p< 0.001 .

Ti oxalate 8.16±6 *** 61.6 ± 31.1 *

Titanocene 6.1 ± 5.8 *** 77.7 ± 31.3

Ti dioxide 86.4 ± 25.4 88.8 ± 17.2

Ti ascorbate 96.2 ± 9.3 96.1 ± 9.4

immunotoxic than titanocene. Therefore, the
results of this study demonstrate that Ti dioxide
can be considered a biocompatible material. At
this regard, Ti oxide alloys showed lower
cytotoxicity than intact Ti alloys with respect to
survival or growth rates in either cells or chicken
embryonic femurs (9). Ti dioxide layer on the
surface of alloys used for implants was found to
protect from an inflammatory response (21). A
hydroxiapatite layer formed on an anodic Ti
oxide film had also hardly any effect on LPS

induced proliferation of human PBMC and IL
l a production by these cells (22). Therefore, a
hyper-reactivity to the implant ofTi alloys may
be mainly induced by non-specific mitogen
activators stimulating monocytic and lymphoid
cells (12).

Our study, demonstrating that Ti dioxide is
not immunotoxic, suggests that sunscreens
containing Ti provide a good alternative to
chemical sunscreens in protection against
ultraviolet (UV) B-induced immunosuppression



120 L. DI GIAMPAOLO ET AL.

120%

100%

80%

60%

40%

20%

0%
Ti oxalate Titanocene Ti dioxide n ascorbate

Fig.1 Percentage (in relation to control cultures) ofPHA stimulatedproliferation of
PBMC incubated in presence of10-4 M Ti salts. Values (expressed as %) are mean ±
S.D. Mann Whitney U test. Difference statistically significant in relation to the
control cultures: *p<O.OOl.

(23). However, it was shown that Ti dioxide
could cause free radical formation under
photoxidation (15) and exert a photocathalitic
"killing" of tumor cells (16). Therefore, an
accurate screening of the synthesis of sunscreens
containing Ti is a prerequisite for their safe use
(24). Moreover, it cannot be excluded that Ti
compounds may exert adverse effects (including
those carcinogenic) to the skin following long
exposure to UV light.

Titanocene, at 10-4 and 10-7 M concentrations,
inhibited IFN-I' and TNF-a production by
PBMC, but did not inhibit PBMC proliferation.
This result shows that titanocene, used as
chemioterapic drug, can have a specific
immunomodu1atory effect, because PHA
stimulated PBMC proliferation needs the
activation of several metabolic mechanisms
including involvement of IL-2 (25).

Ti oxalate, with a wide industrial utilization,
presented a highly toxic effect. This compound
inhibited PBMC proliferation at 10-4 M
concentration and was able to reduce IFN-I'
and TNF-a release both at 10-4 and 10-7 M. With

regard to this, the immune effects of Ti oxalate
may be in part induced by oxalic acid which (at
10-4 M concentration) enhanced spontaneous
PBMC proliferation and inhibited PHA
stimulated PBMC proliferation with a lower
percentage (35 %) than Ti oxalate (70 %).

Ti ascorbate, largely used in agriculture,
inhibited lymphocyte proliferation at 10-4 M
concentration; this compound inhibited TNF-a
release by PBMC, while it did not affect IFN
I' release. TNF-a is produced by a variety ofcell
types including T and B lymphocytes, NK cells,
macrophages, astrocytes and dendritic cells.
This cytokine is known to exert several important
biological activities including those involved in
septic shock and rheumatoid arthritis; in particular
it was shown to be cytotoxic for many tumor
cells also by stimulating apoptosis (26). On the
other hand, IFN-I' production (mainly by T
lymphocytes) may be considered the expression
of a Th-l cell response (27).

On the whole, this study demonstrates that
Ti compounds have different effects on PBMC
proliferation and cytokine production depending
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on their chemical speciation. This may modify
the absorption of this element into cells as well
its intracellular metabolism and binding to
intracellular components.
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