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breast tumor-induced osteolysis [12]. Herein, we used
gene expression profiles from our mouse model and
Connectivity Map database to find therapeutic agents
- that target the TB interface, rather than a given pathway.

The advantage of Connectivity Map database is that it
can predict potential therapeutic agents based solely on
gene signatures [39]. In the current study, our query of
Connectivity Map database with the TB signature flagged
cyclopenthiazide in the MCF7 cell line (Figure 4D). This
analysis suggests that cyclopenthiazide has the potential
to inhibit the establishment of breast cancer cells at TB
interface.

Thiazides comprise a class of diuretic agents (of which
cyclopenthiazide is a member) that are traditionally used
to treat hypertension and edema {64]. Although thiazides
have not been widely viewed as therapeutic agents for
bone metastasis, reports abound noting that treatment of
hypertension using thiazides has the beneficial side effect
of strengthening bone [65-69]. Furthermore, Devorak
et al. have demonstrated that the bone strengthening
activity of thiazides results from their direct action on
OCPs, where thiazide analogs are able to directly induce
osteoblast differentiation [70]. These data suggest that
cyclopenthiazide may be a useful agent against osteoclastic
bone metastasis. Future efforts are aimed at validating this
prediction in the osteolytic mouse model. This study
serves as an example of how mouse breast cancer-specific
osteolytic models and gene expression analysis can be
used to identify treatment strategies for human disease.

Conclusions

In summary, we have demonstrated that the TB microen-
vironment in our mouse model of osteolytic breast cancer
metastasis is highly similar to that of human breast can-
cer-to-bone metastases. Furthermore, gene expression
profile analysis of tumors from this model: (i) identified a
TB interface specific gene signature; (ii) revealed signaling
pathways that were differentially activated at the TB inter-
face and TA ares; (ili) demonstrated a role for osteoclasts
in metastatic osteolysis; and (iv) predicted a novel thera-
peutic agent that specifically targets the TB interface.
These data clearly demonstrate that this mouse model can
be used to study the cellular and molecular mechanisms
driving human breast cancer-to-bone metastasis and
osteolysis. Moreover, this model also provides a powerful
preclinical setting to test thiazides and other therapeutic
agents that specifically target breast cancer osteolysis.
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Manufactured nanomaterials are the most important substances for the nanotechnology. The nanomaterials pos-
sess different physico-chemical properties from bulk materials. The new properties may lead to biologically beneficial
effects and/or adverse effects. However, there are no standardized evaluation methods at present. Some domestic
research projects and international OECD programs are ongoing, in order to share the health impact information of
nanomaterails or to standardize the evaluation methods. From 2003, our institutes have been conducting the research on
the establishment of health risk assessment methodology of manufactured nanomaterials. In the course of the research
project, we revealed that the nanomaterials were competent to cause chronic effects, by analyzing the intraperitoneal ad-
ministration studies and carcinogenic promotion studies. These studies suggested that even aggregated nanomaterials
were crumbled into nano-sized particles inside the body during the long-term, and the particles were transferred to other
organs. Also investigations of the toxicokinetic properties of nanomaterials after exposure are important to predict the
chronically targeted tissues. The long lasting particles/fibers in the particular tissues may cause chronic adverse effects.
Therefore, focusing on the toxicological characterization of chronic effects was considered to be most appropriate ap-

proach for establishing the risk assessment methods of nanomaterials.

Key words——chronic toxicity; multi-wall carbon nanotube (MWCNT); fullerene
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ABSTRACT — Nano-sized titanium dioxide particles (TiO,) are widely used in cosmetics, sunscreens
and food additives. We previously reported that topical application of non-coated rutile type TiO, did not
exhibit a promoting effect on ultraviolet B-initiated skin carcinogenesis in rats, and that this was like-
ly due to lack of penetration of TiO, into the epidermis. In the present study, we examined the promot-
ing effect of silicone coated TiO, (sTi0,) suspended in silicone oil and non-coated TiO, (ncTiO,) sus-
pended in Pentalan 408 on a two-stage skin chemical carcinogenesis model: sTiO, suspended in silicon
oil forms smaller particles than ncTiO, suspended in Pentalan because of the smaller sizes of aggregates
formed. The model used skin carcinogenesis-sensitive human c-Ha-ras proto-oncogene transgenic mice
(rasH2) and rats (Hras128) and their wild-type counterparts and CD-1 nuice to test the effects of topical
application of TiO,. Animals were initially treated with a single dose of 7.12-dimethylbenz[alanthracene
{DMBA) and then with 0, 10, or 20 mg sTiO, (mice) or 0, 50, or 100 mg ncTiO, (rats). The incidence and
multiplicity of skin tumors {squamous cell papiiloma and carcinoma) did not increase over DMBA alone
controls in skin carcinogenesis-sensitive mice or rats or wild-type animals. Analysis of rat skin indicat-
ed that sTiO, and ncTiO, did not penetrate though cither healthy or damaged skin. Furthermore sTiO, did
not penetrate an in vifro human epidermis model. Our results indicate that treatment with sTiO, or ncTiO,
did not promote skin carcinogenesis in mice or rats, probably due to lack of penetration through the epi-
dermis.

Key words: Nano-size TiO,, Skin carcinogenesis, Hras, Rat, Mouse

INTRODUCTION

Nano-sized titaninm dioxide (Ti0,) particles are used
in sunscreen formulations to protect against skin lesions
caused by exposure to UV light (Gelis ef af., 2003;
Rouabhia ef af., 2002; Suzuki, 1987). Nano and larg-
er scale titanitm dioxide particles are known to be car-
cinogenic to the rat lung (Baan ef @l., 2006; Baan, 2007).
Recently, we demonstrated & promoting effect on rat lung
carcinogenesis by nano-size TiO, particles administered

by a novel intrapulmonary spraying method (Xu ef a/.,
2010). The mechanism of promotion of lung carcinogen-
esis involved the induction of MIPla protein expression
by ncTiO.-laden alveolar macrophages (Xu er /., 2010).
We also examined the carcinogenic effect of TiO,
{mean manufacturer’s particulate diameter of 20 nm) on
the skin in a UVB-initiated two-stage rat carcinogencsis
model and found that topical application of Ti0, did not
promote skin carcinogenesis in this model. This result is
probably due o the inability of TiO, to penetrate through

Correspondence: Akimichi Morita {E-mail: amorita@med.nagoya-cu.ac.jp)

Vol. 37 No. 2



Y. Sagawa er al.

the epidermis and reach the underlying tissue {Xu er al.,
2011). This speculation is consistent with a report by
Newman et af. {2009) demonsirating an absence of pen-
etration of Ti0, through the epidermis and hair folli-
cles (Newman er al., 2009). On the other hand, Wu ¢f ol
{2009) reported that TiO, (4 nm and 60 nm length) could
penetrate through the stratum corneum (SC) and become
located in the deep layer of the epidermis after being top-
ically applied to pig ear for 30 days {Wu ef al., 2009).
These inconsistent observations may be due to differenc-
es in particle size and the animals used.

The skin is histologically composed of the SC, epider-
mis, dermis and the subcutaneous tissue. The SC is the
rate-limiting barrier against exposure to various exoge-
nous chemical and physical agents {Schaefer ef al., 2003).
For solid materials, including nano-sized particles, to
causc inflammatory lesions, they need to penctrate the SC
to interact with macrophages and other inflammatory leu-
cocytes. Long-term activation of inflammatory leukocytes
has the potential to cause skin carcinogenesis. Thus, the
potential skin-carcinogenicity of TiO, is dependent on its
size and ability to penetrate through the SC.

The surface of the TiO, used in cosmetics is usually
coated with aluminum oxide or silicone oils to prevent
aggregate formation and to enhance dispersal (Nohynek
et al., 2008). The particle size of TiO, suspended in sii-
icone oils is known to be smaller than that of non-coat-
ed TiO, suspensions (Senzui ¢f al., 2010: also compare
Fig. 1E with Fig. 1F). In our previous study, we showed
that rutile type non-coated TiC, (ncTiO,) did not pene-
trate the epidermal tissue and thus did not cause promo-
tion of chemically-induced skin carcinogenesis. In the
present study, we used rutile type TiO, coated with sili-
cone (sTi0,) suspended in silicon oil to minimize aggre-
gation and improve the penetrating ability of the parti-
cles.

The ability of sTiO, suspended in silicone oil and
ncTiO, suspended in Pentalan408 to promote skin car-
cinogenesis was examined using the 7,12-dimethylbenz[a]
anthracene (DMBA )-initiated skin carcinogenesis mod-
¢! employing skin carcinogenesis-sensitive animals and
their wild-type counterparts as the test animals, The
rasH2 mouse carries 2 human c-Ha-ras proto-oncogene
and is highly susceptible to chemically indueced skin car-
cinogenesis {Muto ef ¢f., 2006). The Hras128 rat aiso car-
ries a human c-Ha-ras proto-oncogene and highly suscep-
tible to chemically induced skin carcinogenesis {Park ef
al., 20045,

In addition to the animal models, we also used an in
vifro model to examine sTi0, particle penetration into
skin. Unlike animal skin, the in vitio model does not have
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Fig. 1. Physicochemical features of sTiO, / ncTiO, . sTiO, par-
ticles were round to oval in shape (A), and ncTiO, par-
ticles were club shaped (B). sTiO, particles remained
evenly dispersed in silicone solution (C) while ncTiO,
particles formed a white sediment at the bottom of the
bottle 3 days after preparution (D). Size distribution of
sTiO, suspended in saline {gray triangles) and in sili-
cone (black triangles) (E). Size distribution of ncTiO,
suspended in saline (gray circles) and in Pentalan 408
{black circles) (F). % of TiO, perticles (Y axis) was
calculated as the ratio of TiO, particles of a particular
mean length/total particles examined.

hair follicles, allowing direct examination of the ability of
sTiG, particles to penetrate through a layer of human skin
epidermal keratinocytes.
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Table 1. TiO, materials and animal strains used in this study

Concentrartion of

Skin assay {Carcinogen)

Coating status of TiC, Size TiO. (mg/mi) Suspended in Strain (or i visro system)
50, 100 Silicone Carq:nogenems (DMBA)
. rasH2 mouse, C57BL mouse
Coated (rutile type) 35am P
100, 200 Silicone Penstration
’ ) LabCyte EPI-MODEL
. Carcinogenesis (DMBA)
100, 200 Pentalan 408 Hras{28 rat, Sprague-Dawley rat
arcinogenesis (DMBA)
Non-coated (rutile type) 20mm 50,100 Pentalan 408 Carcinogencsis (DMBA)
CD1 mouse
200 Pentalan 408 Penetration

Sprague-Dawley rat

MATERIALS AND METHODS

Animals

Male rasH2 mice and Hras128 rats, known to be high-
ly sensitive to chemically induced skin carcinogenesis
(Muto et af., 2006; Park ef al., 2004), and their wild-type
counterparts, CB6F | mice and SD rats, were purchased
from CLEA Japan Co., Ltd. (Tokyo. Japan). To confirm
the results, CD-1 mice, which are frequently used in skin
carcinogenesis studies, were also included in this series of
studies. The animals were housed in the animal center of
Nagoya City University Medical School, maintained on
a 12 hr light-dark cycle and received Oriental MF basal
diet (Oriental Yeast Co., Tokyo, Japan) and water ad libi-
tum. All animals were kept for | week for acclimation.
The experiments were conducted according to the Guide-
lines for the Care and Use of Laboratory Animals, and
the study protocol was approved by the Institutional Ani-
mal Care and Use Committee of Nagoya City University
Medical School.

Preparation of suspensions of fitanium dioxide
{Ti0,} and size analysis

sTiO. particles {silicone coated, mean manufactur-
er’s particulate diameter of 35 nm) and ncTiO, particles
(rutile type, mean manufacturer’s particulate diameter of
20 nm) were provided by Japan Cosmetic Association,
Tokyo, Japan. Size, coating, dose and suspension vehicles
and animals used are summarized in Table 1. The size
distribution of sTiO, suspended in silicone oil {cyclopen-
tasiloxane, KF-995, Shin-Etsu Chemicals Co., Tokyo,
Japan) or in saline and ncTi(), particies suspended in Pen-
talan 408 (pentaerythritol tetracthylhexanocate, CAS7299-
99-2, Nikko Chemicals Co., Tokyo, Japan) or in saline
was determined by a Particle Size Distribution Analyzer
{Shimadzu Techno-Rescarch Inc., Kyoto, Japan). The

shape of suspended §Ti0, and ncTiO, was observed by
transmission electron microscopy (JEOL Co. Ltd., Tokyo,
Japan). Freshly made suspensions were sonicated for 30
min, and suspensions were sonicated again for 30 min
just prior to use.

Experimental design

Skin carcinogenesis study of silicone coated Ti0, (sTiO, )
using rasH2 mice

The back skin of 7-week-old female rasH2 mice
{60 mice) and wild-type CB6F1 mice (60 mice) was
shaved (2 x 2 cm area) and the animals received a single
topical application (painting) of 0.1 m! DMBA solution
(2 mg/ml in acetone). Two weeks later, the animals were
divided into 3 groups and the area which was painted with
DMBA was shaved and painted with silicon oil alone or
sTiO, suspended in silicon oil 5 times a week until ter-
mination of the experiment: Group | mice (15 mice of
cach strain) were painted with 0.2 mi silicone oil; group
2 miice (15 mice of each strain) were painted with 0.2 ml
of 50 mg/ml sTi0, suspended in silicone oil; group 3
mice (15 mice of each strain) were painted with 0.2 mi of
100 mg/ml sTiQ, suspended in silicone oil. Group 4
consisted of 15 mice of each sirain painted with 0.2 mi
100 mg/mi sTiO, suspended in silicon oil 5 times a week
without prior DMBA treatment. The rasH2 mice were
kitled at experimental week 8 and wild-type CB6F1 mice
were killed at experimental week 40,

Skin carcinogenesis study of non-coated Ti0, (ncTiO, )
using Hras128 vats

The back skin of 10-week-old male Hras128 rats (50
rats) and wild-type SD rats (36 rats) was shaved (3 x 3 cm
area) and the animals received a single topical application
{painting) of 0.5 ml DMBA solution {5 mg/m! in acetone)
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{Park et al., 2004). Two weeks later, the animals were
divided into 3 groups and the area which was painted
with DMBA was shaved and painted with Pentalan 408
alone or ncTiO, suspended in Pentalan 408 twice a week
until termination of the experiment: Group 1 rats (17
Hras128 and 12 SD rats) were painted with 9.5 ml Penta-
1an 408 alone; group 2 rats (16 Hras128 and 12 SD rats)
were painted with 0.5 ml of 100 mg/m} ncTiO, suspend-
ed in Pentalan 408; group 3 rats {17 Hras128 and 12 SD
rats) were painted with 0.5 ml of 200 mg/ml sTi0, sus-
pended in Pentalan 408. The Hras128 rats were killed at
experimental week 28 and wild-type SD rats were killed
at experimental weck 40.

Skin carcinogenesis study of non-coated TiG, (neTiO, )
using wild-tvpe CDI mice

The back skin of 10-week-old female CD1 mice
(62 mice) was shaved (2 x 2 cm area) and the animals
received a single topical application (painting) of 0.1 ml
DMBA solution (2 mg/m! in acetone). Two weeks later,
the animals were divided into 4 groups and the area which
was painted with DMBA was shaved and painted with
Pentalan 408 alone twice a week, ncTiO, suspended in
Pentalan 408 twice a week, or TPA 4 times a week (pos-
itive control) until termination of the experiment: Group
1 mice (16 mice) were painted with 0.2 ml Pentalan
408; group 2 mice (16 mice) were painted with 0.2 mi of
50 mg/ml ncTiO, suspended in Pentalan 408; group 3 mice
(15 mice) were painted with 0.2 ml of 100 mg/ml ncTiO,
suspended Pentalan 408; group 4 mice (15 mice) were
painted with 0.2 ml TPA solution (200 amol/m] in ace-
tone). Group 1-3 mice were killed at experimental week
52; group 4 mice were killed at experimental week 40.

Skin penetration study of non-coated TiO, (nc7iO, ) in SD
rats

Based on our previous study showing lack of TiO,
penetration through the normal skin (Xu er al., 2011,
ncTiO, was applied to damaged skin, which is postulated
to be more susceptibic to particle penetration. The back
skin of 10-week-old female SD rats (24 rats) was shaved
{3 % 3 cm arca) and the cpidermis was removed by strip-
ping the epidermis off with a fresh piece of adhesive tape
{3M’s No. 3760, Scotch Mending Tape, Sumitomo 3M
Ltd., Tokyo, Japan): Stripping was done 30 times to com-
pletely remove the cpidermis. The epidermis-stripped
skin was then painted with 0.5 mi of Pentalan or 0.5 mi of
200 mg/ml ncTiO, suspended in Pentalan 408 at 4-day-
intervals over the course of 3 and a half weeks {7 treat-
ments in 3% weeks). Localization of ncTiO, particles in
the epidermis was determined by histological observa-
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tion. Skin tissue samples were taken at 1, 3, and 7 days
after stripping to examine recovery of the epidermis and
penetration of ncTiO, into the skin.

Skin penetration study of silicone coated TiO, (sTiO, ) in
the in vitro skin model
To evaluate whether optimally dispersed sTiO, parti-

cles could penetrate into the epidermis, we applied sTiO,
particies dispersed in silicone oil to the LabCyte EPI-
MODEL kit (Japan Tissue Engineering Co. Ltd., Aichi,
Japan), which is constructed of human skin epidermis
keratinocytes on a mesh over a recetving chamber, In 12
wells: 4 wells had silicone oil alone applied directly to the
human skin epidermis keratinocytes for 48 hr; 4 wells had
100 mg/m! sTi0, suspended in silicone oil applied direct-
ly to the human skin epidermis keratinocytes for 48 hr;
and 4 wells had 200 mg/m!} sTiO, suspended in silicone
oil applied directly to the human skin epidermis kerat-
inocytes for 48 hr. The medium in the receiving cham-

er was collected for elemental titanium analysis by an
inductively coupled plasma/mass spectrometry (1ICP-MS)
(HP-4500, Hewlett-Packard Co., Houston, TX, USA) as
described previously (Xu et o/, 2011).

Statistical analysis

Statistical analysis was performed using the Kruskal-
Wallis and Bonferroni-Dunn’s multiple comparison tests.
Statistical significance was analyzed using a two-tailed
Student’s f-test and Bonferroni-Dunn’s multiple compar-
ison test. A value of P < 0.05 was considered to be sig-
nificant.

RESULTS

Size distribution of ncTi0, and sTiO, particles

Transmission electron microscopy (TEM) analysis
showed that the shape of sTiO, particles was generally
round to oval (Fig. 1 A), while ncTiG, particles were more
clubbed shaped (Fig. 1B}. The sTiO, in silicone oil solu-
tions remained without obvious sedimentation for 3 days
after preparation (Fig. 1C). In contrast, the ncTiO, in Pen-
talan 408 solutions contained considerable sedimentation
3 days after preparation (Fig. 1D). The particle size distri-
bution of sTiO, and ncTi0, selutions is shown in Figs. 1E
and 1F. The mean length of sTiO, particles suspended in
saline and silicone was 0.16 = 0.07 and 0.28 £ 0.22 pym.
respectively (Fig. 1E). The mean length of ncTiO, parti-
cles suspended in saline and Pentalan 408 was 3.18 £ 0.35
and 4.97 = 0.50 um, respectively (Fig. 1F). These resulis
indicate that sTiO, in silicone oil remained dispersed for a
longer time than ncTiO, in Pentalan 408,
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Effects of sTiO, in a two-stage carcinogenesis mode] using rasH2 mice. The incidence of skin tumors in rasH2 mice: DMBA

treated group (black circles), DMBA followed by treatment with 10 mg sTiO, (gray squares) or 20 mg sTiO, (black trian-
gles). 20 mg sTiO, treated group (gray diamonds) (A). Mulriplicity of skin tumors in rasH2 mice: DMBA treated group
(black circles), DMBA followed by treatment with 10 mg sTiO, {gray squares) or 20 mg sTiO, (black triangles). 20 mg
sTiO, treated group (gray diamonds) (B). Representative macroscopic appearance of skin tumors initiated with DMBA in
rasH2 mice (C). The gross morphology of the tumors did not show obvious differences between the DMBA (C) and DMBA

+ sTi0, (D) groups.

8kin carcinogenesis study of sTiG, in silicone oil
using rasH2 mice

Figures 2A and 2B show the time lapse incidence and
multiplicity (number/mouse) of macroscopic skin tumors
in rasH2 mice. No statistically significant differences
were found between sTiO, treated rasH2 mice (groups
2 and 3: DMBA plus 50 mg/m! and 100 mg/m! sTiO,,
respectively) and control rasH2 mice (group 1: DMBA
alone) (Figs. 2A and 2B, Table 2-1). Similarly, no statis-
tically significant differences were found between treat-
ed and control groups of wild-type CBOF! mice {Table
2-2). No tumors were induced in group 4 (sTiO, alone}
of cither rasH2 (Figs. 2A and 2B, Table 2-1} or wild-type
CB6F1 mice (Table 2-2}. Skin tumors were histologically
SCP and SCC in rasH2 and wild-type CB6F1 miice. Rep-

resentative macroscopic skin tumors induced by DMBA
alone and by DMBA plus sTiO, are shown in Fig. 2C and
2D. respectively.

Skin carcinegenesis study of neTiO, using
Hras128 rat

Figures 3A and 3B show the time lapse incidence and
multiplicity (number/rat) of macroscopic skin tumors
in HrasI28 rats. No statistically significant differences

rere found between sTiO, treated and control rasH?2 rats

Figs. 3A and 3B, Table 3-1). Similarly. no statistical-
Iy significant differences were found between treated and
conirol groups of wild-type SD rats (Table 3-2).

Microscopically, TiG, was not observed within the
SCP or SCC tissue (Figs. 4A and 4B). Ti0, was observed

Vol. 37 No. 2



a2
(30
NS

Y. Sagawa er al.

Table 2-1, Effects of sTiO, on skin carcinogenesis in rasH2 mice

. scp SCC SCP+ 8CC

Grot Treatment No. of

SToup ame micc  Incidence  Muluplicity  Incidence  Multiplicity  Incidence  Multiplicity

(%) (% (%)
DMBA + - .
i {93 2724 5{3° 60 £ (.9 93 872517
i Sificons 15 14.(93) 727+ 4 (33) 0.60 = 0.99 14 (93) 787 +5.1
2 IT);\(EBM W0meg 4 15(100)  8.1323.66 9 (60 100+ 1.0 I5(100)  9.13£3.76
MBA+20 1 , )
3 ?EB 0mg s 15(100)  6.803.88 §(53) 0.73+0.80  15(100)  7.53+3.3]
4 20 mg TiO, 15 0 0 0 0 0 0
SCP, squamous cell papilioma; SCC, squamous cell carcinoma.
Muitiplicity: number of tumors per mouse.
Table 2-2. Effects of sTiO, on skin carcinogenesis in wild-type CB6F1 mice
. SCP SCC SCP+ SCC

Grou: Treatment No. of

Hroup ' mice Incidence Multiplicity Incidence Multiplicity  Incidence Mutltiplicity

(%) (%) (%)
i D.MBA i 15 1(7) 0.07£0.26 N 0.07=0.26 2(13) 0.13£0.35
Silicone
2 %%IBA Tlomg s 2(13) 0.13 035 0 0 2(13) 0.13+ 035
)

3 ?}."OABA’L 0mg g 2(13) 020 0.56 0 0 2(13) 0.20 = 0.56
4 20 mg TiO, 15 0 0 0 0 0 0

SCP, squarmous cell papilloma; SCC, squamous cell carcinoma.
Multiplicity: number of tumors per mouse.

on the surface and in the upper SC tissue and upper part
of the hair follicles, but not in the underlying epidermis,
dermis or subcuianeous tissues (Figs. 4C and 4D).

Skin carcinogenesis study of ncTi0, using
wiid-type CD1 mice

No statistically significant differences in tumor inci-
dence or multiplicity wus observed between treated and
control groups of CD1 mice (Table 4). TPA treatment
after DMBA significantly increased the incidence and
multiplicity of SCP (P < 0.001}.

Skin penetration study of ncTiO, in SD rats
Figures 5 A-D shows skin tissue samples collected
before (Fig. 5A) and 1, 3 and 7 days after (Figs. 5B-D)
removing the epidermis by tape-stripping. On day 1 the
epidermis was completely removed (Fig. 5B}, and a mass
of fibrin exudate and underlving granulation tissue rich

Vol. 37 No. 2

with neutrophils was the main feature of the skin surface.
On day 3, regenerated epidermis already covered the gran-
ulation tissue (Fig. 5C). On day 7, the surface of the skin
was fully covered by regenerated keratinocytes show-
ing cornification and had an almost normal appearance
(Fig. 5D).

The shaved back skin of SD-rats was painted with 100 mg
TiO, suspended in Pentalan 408. Fig. SE shows the pres-
ence of ncTiO, particles in the SC layer of the skin of
these animals. Extensive histological observation failed
to detect TiO, within the epidermis or dermis. In anoth-
er series of experiments, the epidermis was removed from
the back skin of SD rats by tape-stripping and the freshly
stripped skin was painted with 100 mg ncTiO, suspend-
ed in Pentalan 408. This was repeated every 4 days for
3% weeks (7 times total). Figure 5F shows the presence
of TiO, on the surface of the regencrating epidermis 1
day after the last stripping/painting procedure. Extensive
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Fig. 3. Effects of ncTiO, in a two-stage carcinogenesis model using Hras128 rats. The incidence of skin tumors in Hras128 rats:
DMBA treated group {black circles), DMBA followed by treatment with 50 mg ncTiO, (gray squares) or 100 mg ncTiO,
(black triangles) (A). Multiplicity of skin tumors in rasH2 mice: DMBA treated group (black circles), DMBA followed by
treatment with 100 mg ncTiO, (gray squares) or 200 mg ncTiO, (black triangles) (B).

Table 3-1. Effects of ncTiO, on skin carcinogenesis in Hras128 rats

. e SCP SCC SCP~+ SCC
Grou Treatment No. of
P © rats Incidence Multiplicity Incidence Multiplicity Incidence Multiplicity
(%) (%) (%) prety
DMBA +
7 5+7.05 ) +7.05
1 Pentalan 408 17 16 (94) 9.65+7.05 0 0 16 (94} 9.65+7.05
DMBA + . o :
+6, 213 BEE A 4 (88 00x6.8
2 50 mg TiO, 16 14 (88) 681+6.21 (13) 0.19=0.54 14 (88) 7.00%6.52
DMBA + ) .
3 . 59+ 3. 2 124+ 0.33! 94 T3,
3 100 mg TiO, 17 16 (94} 7.59+3.86 12) 0.12+033 16 (94) 7.714£3.93

SCP, squamous cell papilloma; SCC, squamous cell carcinoma.
Multiplicity: number of tumors per rat.

Table 3-2. Effects of ncTiO, on skin carcinogenesis in wild-type SD rats

. sCp SCC SCP+ SCC
Group  Treatment No. of
' rats Incidence Multiplicity Incidence Multiplicity Incidence Multiplicity
o) (%) (%)
DMBA +
3 )] 25 = 0.45 3 3425 35 4 .45
! Pentalan 408 12 325 0.25% 0.4 0 0 3(25 0.25 %645
DMBA+
2 +073 3 74073 L
2 50 mg TiO, 12 2(17) 8.1720.39 27 .17 £ 0.39 4433) 0.33 + 0.49
DMBA -+ ‘
3 7 3 + (.2 2 +
° 100 mg TiO, 12 1®) 0.08=0.29 0 0 1(8) 0.08 =029

SCP, squamous cell papilloma; SCC, squamous cell carcinoma.
Multiplicity: number of tumors per rat.
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Fig. 4. Effects of ncTiO, in a two-stage carcinogenesis model.
Representative histological features of SCP (A) and
SCC (B) on the back skin of a Hras128 rat. TiO, ag-
gregates were seen on the surface of stratum comeum
(C. arrowheads), but not in the underlying epidermis.
dermis or subcutaneous tissue. Some aggregates were
found in the upper layer of stratum corneum (arrow-
heads) and in the lumen of the hair follicle (D) but not
in the derrnis.

histological observation failed to detect any TiO, parti-
cles in the underlying epidermis or dermis, indicating that
ncTiO, failed to penetrate into the stripped skin. In addi-
tion, no inflammatory lesions were found in the epider-
mis or subcutaneous tissue of these animals. These results
indicate that TiO, particles do not penetrate into the epi-
dermis of either normal or damaged skin.

in vitro skin penetration study

The amount of elemental titanium in the receiving cham-
ber did not show any significant increase over the vehicle
group (Table 5). All the observed values are equivalent to
background. The results indicate that sTiO, particles did
not penetrate the human epidermis in this model.

Vol. 37 No. 2
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DISCUSSION

TiO, particles, including both nano and larger sized
particles, are known to be carcinogenic to the rat lung
{Baan ¢f al., 20063, We have shown that alveolar macro-
phages play an important role in promotion of lung car-
cinogenesis when T30, particles are inhaled into the lung
{Xu et al., 2011). Becanse of this, TiO, particles, espe-
cially nano-sized particles, are deemed to have the poten-
tial to induce skin tumors after long-term topical appli-
cation should the particles penetrate into the epidermis
and subcutaneous tissue and interact with macrophag-
es. The current study is the first systematic study of the
skin promotion/carcinogenesis effects of TiO, in a two-
stage chemical carcinogenesis animal model. We found
that even the smallest available sized TiO, (sTiO,) did
not exhibit promoting effects on the highly sensitive
rasH2 mouse skin carcinogenesis model. Furthermore, we
observed that TiO, without coating (ncTiO,) did not cause
skin tumor promotion in the skin carcinogenesis-sensitive
Hras128 rat model or in the CD1 mouse. These results are
in agreement with another recent study reporting the lack
of carcinogenicity of topicaily applied TiO, (Furukawa ez
al., 2011).

‘We also found that topically applied ncTiO, did not
penetrate normal rat skin or skin which had the epider-
mis completely removed, nor did sTiO, penetrate the in
vitro human epidermis model. Thus, the lack of skin pro-
motion/carcinogenesis effects is probably due to lack of
penetration of the particles through the epidermis to the
dermis where cytogenetic cells of skin carcinogenesis
reside. In another study, we found no promoting effect of
Ti0O, particles in a UVB-initiated long-term (52 wecks)
skin carcinogenesis study and no penetration of TiQ, par-
ticles through the epidermis (Xu ef al., 2011).

Results showing lack of Ti0, penctration through the
epidermis are in accordance with other reports. Numer-
ous in vitro and in vivo studies using murine, porcine, or
human skin have shown that nano-sized TiC, does not
penetrate the skin (reviewed in Nohynek ef ol. (2008)).
In addition to these studies, Gottbrath et al. (2003} report
that after topical application of TiQO, to the underside of
the forearm of a human volunteer, ultrafine TiO, did not
penetrate beyond the SC.

Contrary to these findings, there is a single report by
Wu ef al. (2009) that TiO, particles (4 and 60 nm) did
penetrate into the deep layers of the epidermis after topi-
cal application to the pig ear for 30 days (Wu e af., 2009},
They also reported that nano-size TiO, particles could
penetrate the skin of hairless mice after 60 days dermal
exposure, although they did not examine promotion/car-
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Table 4. Effects of ncTiO, on skin carcinogenesis in wild-type CD1 mice

. SCp SCC SCP+ SCC
No. of
Group  Treatment mice
Y Incidence (%) Multiplicity Incidence (%) Multiplicity Incidence (%) Multiplicity
DMBA + . ,
i 3 23+ 1.7 3 3 25=0.3
1 Pontaton 408 16 3(19) 0.25+ 130 0 0 3(19) 0.25 = 0.5%
2 %IgBA Flomg 1(6) 0.06+0.25 0 0 1{6) 0.06 £ 0.25
. DMBA+20mg .. . m s i fa e as
3 TiO. is5 2 (i3} 0.13£0.35 G Y 2{i3) 0.13£06.35
4 DMBA +TPA 15 13 (87)* 200 141% 2 {13} 0.13x0.35 13 (87y* 200+ 1.41%

* Significantly different from group 1 {control} by Student’s t-test (p < 0.0061).
SCP, squamous cell papilloma; SCC, squamous cell carcinoma.
Multiplicity: number of tumors per mouse.

Fig. 5.

Histological features of the skin after striping away the epidermis and study of ncTiO, penctration into normal and stripped
skin using wild-type Sprague-Dawley rats, The back skin of SD rats was shaved and the epidermis was left intact or stripped
away using tape. Stratum corneum {(SC), epidermis (E), and dermis (D) arc intact in the shaved, not stripped group (A). In
the tape-stripped group, one day after stripping away the epidermis, the stripping site is covered with fibrin exudates with
rich neutrophilic infiltration (B). Three days after stripping, regenerated epidermis (E) is present underneath the exudate (C).
Seven days after stripping, the regencrated epidermis (E) is composed of mature keratinocytes and a stratum corneum (SC)
(D). The back skin of SD rats was shaved {bur the epidermis was not stripped away) and painted with ncTiO, suspended in
Pentalan 408. ncTiO, aggregates are present in the stratum corneun {(SC) (arrowheads. brown material) of the skin of these
animals (E); particles were not detected within the underlying skin tissue. Freshly stripped skin was painted with ncTiO,
suspended in Pentalan 408, and this process was repeated every 4 days over the course of 3#/, weeks (7 times total). ncTiO,
particles {arrowheads, brown material) are present on the surface of the skin one day after the last stripping/painting proce-
dure (F); particles were not detected in the underlying tissue.

Vol. 37 No. 2
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Table 3. I vitro penetration of sTiO, pasticles

Amount of elemental titanium in the

Treatment receiving chamber (pg/mi)
Sificone oil 0.11 =001
100 mg/m! sTiO, 0.14 £ 0.01
200 mg/ml sTiO, 0.12£0.01
None 0.11 £ 0.03

cinogenesis effects of the particles (Wu er o/, 2009). Dif-
ferences in experimental systems (i.c., animal strain used
in the experiment, exposure period, particle suspension,
mean primary/actual length of the particle, and TiO, man-
ufacturer) may possibly explain the discrepancies report-
ed on TiO, particle penctration.

Two studies have reported finding TiO, particles
in hair follicles (Bennat and Muller-Goymann, 2000;
Lekki er al., 2007). These studies taken together with
Wu et al. (2009) suggest the possibility that the hair fol-
licle may be a route of skin penetration by TiO, particles.
However, we found that TiO, particles remained primari-
ly in the SC and the upper lumen of hair follicles. Bennat
and Muller-Goymann (2000) and Lekki er ¢/, (2007) also
report that while topically applied TiO, was found in hair
follicules, it did not penetrate into the underlying tissue or
sebaceous glands.

Penetration of Ti0, into underlying dermal tissues even
after removing the entire epidermis by tape-stripping did
not occur. Rather, aggregates of Ti0, particles were found
on the exterior of the SC exhibiting regeneration and no
particles were found in the underlying tissues. The fresh-
Iy manufactured TiO, particles used in the present study
primarily measured 20-35 nm in their longer diameter.
These particies are lyophobic and easily form micro-sized
aggregates (160-5.000 am in length), and these larger par-
ticles are unable to penetrate through the epidermis.

In summary, nano-sized TiO, particles, even silicone
coated TiO, suspended in silicone oil which provides
optimal dispersion of the particles, did not penetrate the
epidermis of rat or human skin models and did not exhibit
promoting effects in rat or mouse two-stage skin carcino-
genesis models. Therefore, topical application of TiO,
was not carcinogenic, and this lack of carcinogenicity is
Hikely due to the lack of penetration through the epider-
mis. Our studies taken together with other reports lead us
to conclude that topical application of Ti0, to human skin
is very unlikely to pose a potential risk to human health.
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