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Abstract
The objective of this study was to investigate whether quantum dot 705 (QD705) disrupts the cellular antioxidant systems
leading to hepatotoxicity in mice. Mice were intravenously injected with QD705 and then sacrificed at week 12 or 16.
Homeostasis of antioxidant-related metals, antioxidant activities, induction of oxidative stress, and toxicity in the liver were
investigated. Although no histopathological change was observed, a time- and dose-dependent increase in metallothionein
expression and reduction in liver function was noticed. Increased copper, zinc, and selenium levels and enhancements of the
trace metal-corresponding transporters were noted at week 12. At week 16, a decline of selenium from its elevated level at week
12 was observed, which was accompanied by changes in glutathione peroxidase activity as well as in redox status. A significant
reduction in superoxide dismutase activity was observed at 16 weeks. Furthermore, a corresponding elevation of heme
oxygenase-1 expression, 8-oxo-7,8-dihydro-2¢-deoxyguanosine, interleukin-6 and tumor necrosis factor-alpha suggested the
presence of oxidative stress, oxidative DNA damage and inflammation.
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Introduction

Quantum dots (QDs) are inorganic nanocrystals with
a unique autofluorescent property with great potential
for diagnosis and drug delivery (Gao et al. 2004;
Mulder et al. 2010; Obonyo et al. 2010). They also
have applications as semiconductors in the electronics
industry (Haridas and Basu 2010; Wu et al. 2004).
Typical QDs are 2–10 nm in diameter, with a met-
alloid crystalline core surrounded by a thin shell or
cap (Dabbousi et al. 1997; Deng et al. 2010). Coating
the QD surface with a mono- or multi-layer of mole-
cules can prevent agglomeration and reduce core
metal leaching (Hardman 2006). Additional surface
coating can also be applied for specific applications,
such as increasing the fluorescent efficiency, solubility
in biological media, or bio-conjugation to antibodies
for specific diagnostic and therapeutic purposes

(Gao et al. 2004; Mulder et al. 2010). QD705, our
test material, is a cadmium/selenium/tellurium
(CdSeTe)-based nanocrystal (Invitrogen, Inc.) which
emits stable near-infrared fluorescence and thus has
promising potential for medical imaging applications
(Gao et al. 2008; Smith et al. 2008).
Despite the exciting potential and growing interest

in biological applications of QDs, concerns remain
regarding the potential accumulation and toxic effects
of QDs in animals and humans (Hoshino et al. 2004b;
Zhang et al. 2008; Das et al. 2010).
Several in vitro studies on QD-induced toxic poten-

tials have been reported but the conclusions were
controversial (Jaiswal et al. 2003; Shiohara et al.
2004; Hoshino et al. 2004a; Lovric et al. 2005;
Chan and Shiao 2008; Monteiro-Riviere et al.
2009; Mahto et al. 2010). Most toxic assessments
of QDs were conducted under in vitro conditions
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and far fewer in vivo studies were performed
(Geys et al. 2008; King-Heiden et al. 2009;
Hauck et al. 2010). More recently, Hauck et al.
(2010) reported that intravenous injection of QDs
failed to change tissue morphology, parameters of
clinical biochemistry or hematology in rats 80 days
later. However, these parameters were relatively
insensitive for chronic toxicities. More in vivo
mechanistic-based toxicology studies are needed to
assess the safety of QDs.
Our previous studies demonstrated extremely long

body retention of QD705 in mice after intravenous
injection and liver appeared to be one of the target
organs of QD705 accumulation (Yang et al. 2007;
Lin et al. 2008). We also found that bio-
degradation of QD705 can occur in vivo with leakage
or release of Cd to the cells (Lin et al. 2009). Indeed,
there are studies which suggested that the QD-
induced toxic mechanism may be related to the pres-
ence of free Cd2+ and the formation of reactive oxygen
species (ROS) (Cho et al. 2007). Most of the in vitro
studies suggested that the bases of QD toxicity, if any,
are probably related to oxidative stress (Chan et al.
2006; Choi et al. 2007; Lee et al. 2009; Clift et al.
2010). Cellular redox homeostasis may therefore play
an important role in QD-induced cytotoxicity.
Cellular redox status is primarily controlled by

antioxidant systems, including the glutathione
(GSH) and glutathione peroxidase (GPx) system
and the antioxidant enzymes such as superoxide dis-
mutase (SOD) and catalase (CAT). These antioxi-
dant systems help to safeguard the balance of ROS
level within biological systems. A reduction in func-
tions of such antioxidant systems would certainly lead
to elevated levels of ROS. Functions of these antiox-
idant systems are closely influenced by levels of intra-
cellular essential trace metals, such as copper (Cu),
zinc (Zn), iron (Fe), manganese (Mn), and Se
(Endo et al. 2000; Hasegawa et al. 2008).
Cd, a non-essential metal, has been reported to

compete with many essential trace metals, including
Fe, Mn, Cu, and Zn, and disrupt the activities of
metal transporter molecules on cell membranes
(He et al. 2006; Min et al. 2008). Such disruption
would alter antioxidant functions. This study exam-
ined the interrelationship of QD705 exposure with
disturbance of antioxidant systems (trace metal
homeostasis, antioxidant enzyme activities, etc.)
and eventual oxidative stress.
Although Cd-based QDs induced cytotoxicity and

oxidative stress in vitro studies (Cho et al. 2007;
Choi et al. 2007; Lee et al. 2009; Clift et al. 2010),
another study demonstrated that injection of CdSe-
based QDs was not toxic within 80 days in rats
(Hauck et al. 2010). In the present study, we

examined the effects of QD705 on redox homeostasis
in the liver of mice up to 16 weeks (112 days) after
injection. The information generated may provide
insight into the mechanisms of the toxicity risk of
QDs in biological systems.

Materials and methods

Test chemicals

The QD705 nanoparticles used in our experiments
were purchased from Invitrogen, Inc. (Hayward, CA,
USA) as Qtracker 705 non-targeted quantum dots.
QD705 contained the Cd/Se/Te core covered with a
ZnS shell andmodified with methoxy-PEG-5000 coat-
ing. Each tube of this product contained 200 mL of
2 mM solution in 50 mM borate buffer, pH 8.3.

Animal studies

Six-week-old male ICR mice were purchased from
BioLASCO (Taiwan) and acclimated for two weeks in
the animal facilities at the National Health Research
Institutes (NHRI). All animal treatments and exper-
imental protocols for this study were reviewed and
approved by the Animal Control Committee at
NHRI. Mice were maintained under a 12-h light/
dark cycle, 23 ± 1�C, 39–43% relative humidity,
with water and food available ad libitum. Six mice
(n = 6) per time point were randomly selected for
experimentation. Mice were injected via tail veins
with 40 and 160 pmol of QD705 in borate buffer
with volume of 100 mL/mouse. The intravenous
(iv) administration route was chosen to mimic poten-
tial human medical imaging applications. Mice were
sacrificed under pentobarbital anesthesia at 12 and
16 weeks after dosing. The liver was carefully
removed, weighed, and prepared for metal analyses
and other studies.

Physicochemical characterization of QD705

QD705 were characterized for size distribution, zeta
potential, size, and shape. The hydrodynamic dia-
meters and zeta potentials of QD705 were measured
with the Zetasizer Nano system (Zetasizer Nano ZS,
Malvern Instruments, Worcestershire, UK). Dynamic
laser light scattering measurements were checked in
the single-scattering regime with l = 633 nm and at
an angle of 173�. QD705 were suspended in borate
buffer and sonicated up to 60min. The suspension was
put into a cuvette at 25�C to enable particle size
and zeta potential analysis. The shape and size of
QD705 were assessed by transmission electron
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microscopy (TEM) (H-7650, Hitachi, Japan).
QD705 were suspended in borate buffer. The
QD705 solution was then dripped on copper grids
for TEM. All of the copper grids were preserved in
a dry cabinet. The fluorescence and absorbance spectra
were measured using a fluorescence spectrometer
(Cary Eclipse, Varian, USA).

Histopathology and tissue preparation

Tissue specimens from the livers were fixed in buffered
10% formalin for 48 h prior to tissue processing
(dehydration and paraffin embedding). Sections
were cut at 3 mm thick with rotary microtome. Hema-
toxylin and eosin (H&E) were used for general histol-
ogy staining in accordance to standard H&E staining
procedures.

Immunohistostaining method

Metallothionein-1/2 (MT) immunohistochemistry has
been described as previous study (Lin et al. 2009).
Briefly, heating 10 min in autoclave for antigen
retrieval was essential. The anti-MT was a specific
antibody for metallothionein-1/2 and used in
1:100 dilution. By following, a standard immunostain-
ing assay was performed as the reagent instructions
(LSAB, DakoCytomation, Carpinteria, CA, USA).
The slides were further stained with hematoxylin.

Quantification of serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activity

Serum was isolated from the blood of experimental
mice and then stored at �80�C until analysis. Serum
ALT and AST activities were analyzed using a Vitros
350 autoanalyzer (Ortho-Clinical Diagnostics,

Johnson & Johnson Co., NJ, USA) with accompa-
nying commercial kits.

Quantitative real-time reverse transcription–polymerase
chain reaction (RT–PCR) assay

Tissues (n = 6) soaked in RNA later solution were
incubated at 4�C overnight and then transferred to
�80�C until RNA purification. Tissues were ground
with a tissue homogenizer (MM301, Retsch Tech-
nology GmbH, Haan, Germany) in TRIZOL reagent
(Life Technologies, Rockville, MD, USA), and then
total RNA was purified via chloroform extraction.
Purified RNA was stored at �80�C until analysis.
cDNA was synthesized using the High-Capacity
cDNA Archive kit (P/N4322171, Applied Biosys-
tems, Foster City, CA, USA) with total RNA
(3 mg). The primers sequences for Zrt- and irt-
related protein (ZIP) 8, ZIP14, copper transporter
1 (CTR-1) are listed in Table I. Quantitative PCR for
ZIP8, ZIP14, and CTR-1 was performed using SYBR
Green PCR system (Applied Biosystems, Foster City,
CA, USA). The reaction mixture was prepared by
mixing aliquots of cDNA, 0.4 mM primers and 5 ml of
SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA) in a final volume of 10 mL.
The primers and probe for heme oxygenase-
1 (HO-1), tumor necrosis factor-alpha (TNF-a),
interleukin-1 beta (IL-1b), interleukin-6 (IL-6), che-
mokine (C-X-C motif) ligand 1 (CXCL1) and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH)
were included in the Assay-on-DemandGene Expres-
sion Assay Mix (Applied Biosystems, Foster City,
CA, USA) (Table I). Quantitative PCR for HO-1,
TNF-a, IL-1b, IL-6 and CXCL1 was performed
using TaqMan Universal PCR Master Mix (Applied
Biosystems, Foster City, CA, USA). The reaction
mixture was prepared by mixing aliquots of cDNA,

Table I. The gene accession code, assay ID and primer sequences.

Gene symbol Gene name Accession code Assay ID or sequences

GAPDH glyceraldehyde-3-phosphate dehydrogenase NM_008084 Mm99999915_g1

HO-1 heme oxygenase 1 NM_010442 Mm00516004_m1

CXCL1 chemokine (C-X-C motif) ligand 1 NM_008176 Mm00433859_m1

IL-6 interleukin 6 NM_031168 Mm00446191_m1

IL-1b interleukin 1 beta NM_008361 Mm00434228_m1

TNF-a tumor necrosis factor alpha NM_013693 Mm00443258_m1

CTR-1 Cu transporter-1 NM_175090 F: 5¢-GCCTTCGTGGCAGTGTTTTT-3¢
R: 5¢-GCGAATGCTGACTTGAGACTTTC-3¢

ZIP8 zrt- and Irt-related protein 8 NM_026228 F: 5¢-GCAACAATTTTGCTCCCAAT-3¢
R: 5¢-TCCCTATGGAGATGTTTCTGTG-3¢

ZIP14 zrt- and Irt-related protein 14 NM_144808 F: 5¢-CATTGAAGTATGGGGGTACGGT-3¢
R: 5¢-ATGAAGTAGAGCAGGAGCCTCT-3¢
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0.5 mL of Assay-on-Demand Gene Expression Assay
Mix and 5 mL of TaqMan Universal PCRMaster Mix
(Applied Biosystems, Foster City, CA, USA) in a final
volume of 10 mL. The reaction mixture was analysed
on an ABI PRISM 7900 Sequence Detector System
(Applied Biosystems, Foster City, CA, USA) with the
following PCR program: 95�C for 10 min followed by
40 cycles of 60�C for 1 min with 95�C for 15 sec.
Quantitative values were obtained from the thresh-

old cycle (Ct) number. The relative mRNA levels of
target gene were derived using the equation 2–DCt,
where DCt = Ct target gene � CtGAPDH. Data are pre-
sented as the fold of the control value.

Inductively coupled plasma mass spectrometry
(ICP-MS) assay

ICP-MS (Elan6100; PerkinElmer, Shelton, CT,
USA) was used to determine the Cu, Mn, Se, and
Zn, and Fe concentrations in the liver. Briefly, partial
organs (n = 6) were dried with a lyophilizer at �50�C
for 24 h, then weighed (approximately 30 mg) and
liquefied with 0.5 mL nitric acid and subjected to
microwave digestion (Multiwave 3000; Anton Paar
GmbH, Graz, Austria). The microwave digestion
temperature was programmed to increase from
30–75�C at a rate of 7.5�C/min with a 1 min hold
at 75�C and up to 130�C at a rate of 11�C/min with a
hold of 30 min at 130�C (Anton Paar GmbH, Graz,
Austria). The digested solution (0.5 mL) was diluted
to 10 mL with 3.5% HNO3 in deionized water. This
sample solution was then directly analyzed for 111Cd,
65Cu, 55Mn, 82Se, and 66Zn, and 57Fe. Standard
solutions, 0.1, 0.5, 1, 5, 10, 50, 100, and
500 mg�L-1 (Cu, Mn, Se, and Zn, and Fe in 3.5%
HNO3), were used for sample quantification. The
efficiency of digestion procedures was tested using
the certified reference material, European Commis-
sion CRM 185R, Trace Element in Lyophilized
Bovine Liver (the certified values for Cu, Mn, Se,
and Zn are 277 ± 5, 110.7 ± 0.29, 1.68 ± 0.14, and
138.6 ± 2.1 mg/kg, while no data was available for
Fe). The obtained recoveries for Cu, Mn, Se, and Zn
of 89, 93, 92, and 93% (n = 3). The method detection
limits for Cu, Mn, Se, and Zn, and Fe were 0.066,
0.090, 0.24, 7.2, and 4.9 mg�L-1, respectively. All
steps in sample preparation and measurements were
carried out in a chemical hood.

Measurement of reduced glutathione (GSH)/glutathione
disulfide (GSSG) ratio

Tissues were rinsed with phosphate buffered saline
(PBS) and then ground with a tissue homogenizer

(MM301, Retsch Technology GmbH, Haan,
Germany) in cold buffer (50 mM MES, pH 6–7,
containing 1 mM EDTA). The liver homogenates
were centrifuged at 10,000 g for 15 min at 4�C.
The supernatants were deproteinated and then
collected for analysis of GSH and GSSG accord-
ing to the manufacturer’s protocol (Cayman Chem-
ical Company, Ann Arbor, MI, USA). Visible
absorbance was recorded at 405 nm using an ELISA
plate reader.

Measurement of GPx activity

Tissues were rinsed with PBS and then ground with a
tissue homogenizer (MM301, Retsch Technology
GmbH, Haan, Germany) in cold buffer (50 mM
Tris-HCl, pH 7.5, containing 5 mM EDTA, and
1 mM DTT). The liver homogenates were centri-
fuged at 10,000 g for 15 min at 4�C. The supernatants
were collected for analysis of GPx according to the
manufacturer’s protocol (Cayman Chemical Com-
pany, Ann Arbor, MI, USA). Visible absorbance
was recorded at 340 nm using an ELISA plate reader.

Measurement of Cu/Zn- and Mn-SOD activity

Tissues were rinsed with PBS and then ground with
a tissue homogenizer (MM301, Retsch Technology
GmbH, Haan, Germany) in cold buffer (20 mM
HEPES buffer, pH 7.2, containing 1 mM EGTA,
210 mM mannitol, and 70 mM sucrose). The liver
homogenates were centrifuged at 1,500 g for 5 min
at 4�C. The supernatants were collected for
analysis of Cu/Zn- and Mn-SOD according to
the manufacturer’s protocol (Cayman Chemical
Company, Ann Arbor, MI, USA). Visible absor-
bance was recorded at 450 nm using an ELISA plate
reader.

Quantification of 8-oxo-7,8-dihydro-2¢-deoxyguanosine
(8-oxodG)

DNA was isolated from liver tissue according to the
method of Ravanat et al. (2002) with modifications.
DNA was then spiked with [15N5]-8-oxodG and
[15N5]-dG for quantitation of 8-oxodG and dG by
online SPE LC-MS/MS using a polyamine-
II endcapped HPLC column (150 � 2 mm, 5 mm,
YMC) at a flow rate of 300 mLmin-1. The analytes
eluted from the HPLC system were then introduced
into a triple-quadrupole mass spectrometer (API
3000, Applied Biosystems/MDS SCIEX, concord,
Ontario, Canada), operating with a TurbolonSpray
source (Chao et al. 2008).

4 C-H. Lin et al.
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Statistical analysis

Comparison of the results between various experi-
mentally treated groups and their corresponding con-
trols was carried out by Student’s t-test. All
comparisons were considered significantly different
when p < 0.05.

Results

Physicochemical Properties of QD705

The particle shape and size of QD705 were charac-
terized by TEM. As shown in Figure 1A, the
QD705 were spherical-shaped nanoparticles with
sizes of about 12.3 ± 5.2 nm. The averaged particle
size of QF705 in borate buffer was 143.3 nm and the
size distribution was between 10 nm and 250 nm
(Figure 1B). The 152.7 nm peak was aggregated
QD705. As shown in Table II, the zeta potential of
QD705 in borate buffer was �24.8 ± 5.1 mV.

Aggregates of QD705 were insoluble and remained
dispersed in borate buffer for at least 1 h. The max-
imal emission of QD705 was about 705 nm
(lex = 350 nm) (Figure 1C).

Histopathology and MT immunohistochemistry of liver
in QD705-treated mice

Regardless of the doses or time post-treatment, the
histology of mouse livers showed no remarkable
change by the H&E stain (Figure 2A). In control
mouse livers, MT protein was detected in some
hepatocytes around the portal areas (zone 1)
(Figure 2B).
The distribution and intensity of MT immunos-

taining in QD705-treated mouse livers was dose-
dependent, but similar at 12 and 16 weeks. In
40 pmol QD705-treated mice livers, MT protein
showed a distinct zonal distribution. While MT-
positivity occurred mainly in zone 1 hepatocytes
and zone 2 hepatocytes, the hepatocytes around the
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Figure 1. Physicochemical properties of QD705. (A) TEMmicrograph of the QD705 nanoparticles. (B) Particle size distribution of QD705 in
borate buffer. (C) The absorption and emission spectra of the QD705: the maximal emission at about 705 nm for excitation at 350 nm.
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central vein areas (zone 3) were almost all MT-
negative or -weakly positive (Figure 2C). MT staining
intensity was more intense in 160 pmol than 40 pmol
QD705-treated mouse livers. Furthermore, the zonal
distribution of MT protein was not obvious in
160 pmol QD705-treated mouse livers, but the
zone 1 hepatocytes still showed more intense MT
staining than zone 3 hepatocytes (Figure 2D).

QD705 induced injury in the liver

Liver injury was assessed by measuring serum activ-
ities of ALT and AST. At 12 weeks post-injection, a
significant elevation in ALT activity was observed at
high dose (160 pmol) (Figure 3A). This elevation
remained significant at 16 weeks and a similar eleva-
tion was found in mice-treated with low dose
(40 pmol) of QD705 (Figure 3A). While no signifi-
cant change was observed in AST activity at 12 weeks,
a significant elevation in AST activity was detected at
16 weeks in mice treated with the high dose
(160 pmol) of QD705 (Figure 3B).

QD705 induced changes of essential trace metals in the
liver

Oxidative stress may be closely related to dysfunction
of the antioxidation systems: SOD, CAT, and the
glutathione system. All of these major anti-
oxidation systems require specific trace metals for
their activities: Cu, Zn for cytosol SOD, Mn for
mitochondrial SOD, Fe for CAT, and Se for the
glutathione system. The present study revealed that
QD705 provided interesting alterations in these trace
metals. By the 12th week of QD705 treatment, the
most noticeable change was an increase in Cu, Zn,

Table II. Physicochemical properties of QD705.

Parameter Characterization

Form Suspension (suspended in borate buffer)

Composition Cd(56.16 ± 8.54%) / Se(5.80 ± 3.60%) /
Te(0.92 ± 0.20%), ZnS, PEG5000

Shape The core/shell of QD705 is ellipsoid
in shape. After application of the
polymer, PEG, the QD705 become
more spherical.

Particle
size/distribution

In dry form, the size is 12.3 ± 5.2 nm
(TEM); in borate buffer, the size is
143.3 nm (DLS).

Solubility/dispersibility Aggregates are insoluble
and remain dispersed in
borate buffer.

Zeta potentials �24.8 ± 5.1 mV

A B

C D

Figure 2. Histopathology and MT immunohistochemistry of liver in QD705-treated mice sacrificed at 12th week. (A) H&E staining for
40 pmol QD705-treated mice (�200). (B) MT IHC for the liver of control mice (�200). MT occasionally expressed in zone 1 hepatocytes
(�200). (C) MT IHC for the liver of 40 pmol QD705-treated mice (�100). MT expressed as a zonal distribution. (D)MT IHC for the liver of
160 pmol QD705-treated mice (�100). MT diffusely expressed in hepatic lobules. P represents as portal area and V represents as central vein
in figures.
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and Se in the liver as compared to those levels in
controls (Table III). By the 16th week of
QD705 treatment, however, the Cu level had
returned to normal, and Zn and Se levels were
reduced somewhat but still slightly higher than nor-
mal (Table III). The most noticeable change at the
16th week was the significant reduction of Mn in the
liver (Table III).

QD705 induced expression of essential trace metal
transporter genes in the liver

We assessed whether QD705 treatment affects the
expression of trace metal transporters, including,
ZIP8 (a known Mn transporter), ZIP14 (a known
Zn transporter) and CTR-1 (a known Cu trans-
porter). At 12 weeks after injection, ZIP14 and
CTR-1 mRNA levels were significantly elevated,

whereas ZIP8 mRNA level was not significantly
changed (Figure 4). At later times after exposure
(16 weeks), however, when the mRNA levels of
ZIP14 and CTR-1 had returned to normal, while
ZIP8 mRNA level was elevated (Figure 4).

QD705 induced antioxidant enzymes activity in the liver

We examined three antioxidant systems in the liver:
GPx, Cu, Zn-SOD, and Mn-SOD. After injection of
QD705, a significant elevation of GPx activity was
observed at 12 weeks (Figure 5A). This elevation
remained significant at 16 weeks even at a higher
dose (160 pmol); however, the GPx activities had
declined at 16 weeks from the highly elevated levels
at 12 weeks (Figure 5A). While no significant change
was observed in Cu or Zn-SOD activity at 12 weeks, a
significant reduction of Cu/Zn-SOD activity was
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Figure 3. Change in hepatic enzyme activities in serum by QD705 (A) ALT. A significant elevation of ALT was observed at high dose
(160 pmol) at 12 weeks. This elevation remained significant at 16 weeks. (B) AST. A significant elevation of AST activity was detected at
16 weeks. *indicates p < 0.05 as compared with vehicle-treated mice.

Table III. Effects of QD705 on essential trace metal concentrations (mg/g wet wt.) in liver at 12 and 16 weeks after tail vein injection and Cd to
ICR mice.

Time after
exposure
(weeks) Metals

Control
(n = 6)

(mg/g wet wt.)

QD705 40 pmol
(n = 6)

(mg/g wet wt.)

QD705 160 pmol
(n = 6)

(mg/g wet wt.)

12 Mn 1.08 ± 0.26 1.23 ± 0.21 1.37 ± 0.24

Cu 4.53 ± 0.73 6.04 ± 1.46* 6.70 ± 0.82*

Zn 31.66 ± 4.10 37.72 ± 3.63* 51.68 ± 15.75*

Se 1.71 ± 0.17 2.06 ± 0.27* 3.05 ± 0.29*

Fe 217.95 ± 28.35 250.35 ± 66.15 211.74 ± 61.15

16 Mn 1.33 ± 0.11 1.10 ± 0.08* 1.14 ± 0.11*

Cu 6.05 ± 1.11 6.38 ± 1.40 7.21 ± 2.05

Zn 31.87 ± 2.35 36.29 ± 4.71* 35.66 ± 2.71*

Se 2.10 ± 0.11 1.99 ± 0.12 2.77 ± 0.19*

Fe 217.34 ± 44.80 261.30 ± 73.38 241.21 ± 46.07

ICR mice were injected with QD705. Sacrifices were carried out at 12 and 16 weeks after dosing. The liver was isolated to determine essential
trace metal concentrations with ICP-MS. The data are the mean ± SD of six animals. * indicates a significant difference from control (p < 0.05).
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detected at 16 weeks in liver of animals treated with
the higher dose (160 pmol) of QD705 (Figure 5B).
No significant change in Mn-SOD was found in the
liver of QD705-treated animals compared with con-
trols (Figure 5C).

QD705 induced oxidative stress responses in the liver

The ratio of GSH/GSSG is frequently used as a
sensitive index of oxidative status in biological sys-
tems (Griffith 1999). A reduction in the ratio of
GSH/GSSG is reflective of oxidative stress. In this
study, at 12 weeks, the GSH/GSSG ratio was signifi-
cantly elevated in all animals exposed to QD705
(Figure 6A). However, this ratio was significantly
reduced by 16 weeks in QD705-treated animals com-
pared with controls (Figure 6A).
HO-1 is considered an indicator of oxidative stress

and 8-oxo-dG is a biomarker for ROS-induced
genotoxicity in biological systems (Griffith 1999;
Danielsen et al. 2008). Although there were no

significant changes in these two oxidative indi-
cators at 12 weeks, there were dose-correlated
elevations on both HO-1 and 8-oxo-dG in the
liver of QD705-treated animals at 16 weeks
(Figure 6B, 6C).
MT-1 gene is inducible by various metallic

elements, especially in the liver and kidney. Cd is a
potent inducer of MT-1. QD705 induced significant
elevation in hepatic MT-1 mRNA levels at 12 weeks
post-exposure (Figure 6D). MT-1 induction per-
sisted through 16 weeks (Figure 6D).

QD705 induced pro-inflammatory factors in the liver

Pro-inflammatory cytokines are usually activated in
response to oxidative stress (Hehlgans and Pfeffer
2005; Han et al. 2009). Dose-correlated elevations in
TNF-a and IL-6 mRNA levels were detected in the
livers of QD705-treated mice at 16 weeks (Figures 7A,
7C). However, no significant change in IL-1b and
CXCL1 mRNA levels was observed (Figure 7B, 7D).
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Figure 4. Change in metal transporters expression in the liver by QD705. (A) ZIP8: Mn transporter. Significant elevations of ZIP8 were
observed at 16 weeks after QD705 exposure. (B) ZIP14: Zn transporter. Although significant stimulatory elevations were observed at 12 weeks
after QD705 exposure, such elevations were temporary and the ZIP14 returned to normal level by 16 weeks. (C) CTR-1: mRNA gene
expression of Cu transporter. As in ZIP14, temporary elevations were observed under QD705 exposure at 12 weeks but subsided by 16 weeks.
*indicates p < 0.05 as compared with vehicle-treated control cells.
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Discussion

Most previous studies on QD-induced ROS were
conducted in vitro and their results may not actually
reflect in vivo responses. Recently Hauck et al. (2010)
demonstrated that intravenous injection of CdSe-
based QDs failed to cause appreciable toxicity in
rats over a period of 80 days. In the present study,
we demonstrated CdTeSe-based QD705-induced
adverse responses in mouse liver up to 12 weeks
post-injection. The doses (pmol/body weight) used
in our present study were slightly lower than those
used in Hauck’s study. The different results of these
two studies may be explained by the differences in
metal components of QDs or animal species. Indeed,
Cho et al. (2007) reported that CdSe-based QDs were
non-toxic, whereas the CdTe-based QDs were cyto-
toxic in vitro. It implied that Te may involve in the
cytotoxicity induced by CdTe-based QDs. Genera-
tion of ROS is believed to be the basis for QD-
induced toxicity (Samia et al. 2003; Ipe et al. 2005;
Lovric et al. 2005; Cho et al. 2007).
This in vivo study demonstrated three important

phenomena:

(1) Time-related changes of trace metal transporters
(ZIP8, ZIP14, and CTR-1) and trace metals (Se,
Cu, Zn, Mn) which are important for the integ-
rity of antioxidation systems;

(2) Dose-correlated reduction of antioxidative sta-
tus (GSH/GSSG ratio) by QD705; and

(3) Corresponding elevations of oxidative stress
markers (HO-1 and 8-oxo-dG), the pro-
inflammatory cytokines (TNF-a and IL-6) and
liver injury markers (ALT and AST).

In some established models for chemical-
induced hepatotoxicity, ALT and AST activities
were tremendously elevated within days (Lores
Arnaiz et al. 1995; Moreno and Muriel 2006;
Honda et al. 2010). In our present study,
QD705 treatment only significantly elevated ALT
activity to approximately 30% of controls at
week 12. Compared to other studies, the doses of
QD705 (pmol/g body weight) used in our present
study were much lower than those of typical hepato-
toxicants (mmol/g body weight) used in other studies
(Lores Arnaiz et al. 1995; Moreno and Muriel 2006;
Honda et al. 2010). Because our QD705 doses
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Figure 5. Change in antioxidant enzymes activity in the liver by QD705 (A) GPx. A significant elevation of GPx was observed at 12 weeks but
rapidly declined by 16 weeks. (B) Cu/Zn-SOD. Except at high dose (160 pmol) and for long term (16 weeks) exposure, there was a reduction of
SOD level and no significant change in Cu/Zn-SOD level was observed. (C)Mn-SOD. No change was observed in Mn-SOD activity.
*indicates p < 0.05 as compared with vehicle-treated mice.
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were similar to those used for animal imaging studies
(Gao et al. 2004; Cai et al. 2006), our data shall be
appropriate for assessing QD705 safety in clinical
application.
The major anti-oxidative systems in cells are the

SOD, catalase, and glutathione systems. Of these, the
glutathione (GSH/GSSG) and the SOD systems are
the most important (Sies 1993). The activity of SOD
is closely affiliated with the homeostasis of Cu and Zn
(Cu/Zn-SOD) in cytosol and with Mn (Mn-SOD) in
mitochondria (Endo et al. 2000; Hasegawa et al.
2008). The present study found stimultaneous
increases of both Cu and Zn and slight enhancements
of the transporters for Cu and Zn (CTR-1 and ZIP14,
respectively) in the liver of QD-treated mice. These
enhancements are thought to be compensatory in
nature. That is, upon challenge by QD705 or Cd2+

release, a compensatory increase of Cu and Znmay be
induced during the early exposure period as an
attempt to maintain the anti-oxidation potential of
Cu/Zn-SOD in the liver. A decompensatory response
was observed at a later time (16 weeks) after

QD705 exposure with significant reduction in Cu/
Zn-SOD activity.
ZIP 8 and ZIP14 are ZIP family members. It has

been suggested that ZIP8 transported Zn, Mn, and
Cd, and ZIP14 transported Zn, Mn, Cd, and Fe
(Himeno et al. 2009). Recently, Besecker et al.
(2008) demonstrated that TNF-a can up-regulate
ZIP8 expression. In our present study, consistent
with the elevation of TNF-a, ZIP8 mRNA levels
were increased at week 16. On the other hand,
ZIP14 expression was modulated by IL-1b via acti-
vator protein-1 involved pathways (Lichten et al.
2009). Human CTR-1 plays an important role in
maintenance of copper homeostasis (Song et al.
2008). Increased CTR-1 expression and function
lead to increased intracellular copper content
(Song et al. 2008). Indeed, both CTR-1 mRNA
and Cu levels were transiently elevated at week
12 in our present study. Sp-1 transcription factor
functioned as a sensor of copper that regulated
CTR-1 mRNA levels (Song et al. 2008). Both
ZIP14 and CTR-1 mRNA levels was transiently
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Figure 6. Change in redox status, oxidative stress markers, and cellular injury factor. (A) GSH/GSSG ratio (index for redox status). A biphasic
change in the redox status was observed: A stimulataneous increase at 12 weeks and a significant reduction at 16 weeks were noted. (B)
HO-1 expression. HO-1, a recognized factor reflecting oxidative stress, was significantly elevated by QD705 at 16 weeks after exposure.
(C) 8-oxo-dG (factor indicative of oxidative DNA damage). Similar to HO-1, this factor was also significantly elevated at 16 weeks. (D)
MT-1 expression. QD705 induced significant elevation inMT-1mRNA levels in the liver at 12 and 16 weeks. * indicates p < 0.05 as compared
with vehicle-treated mice.
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elevated at 12 weeks. However, the mechanism was
still unclear.
The glutathione system, however, showed a differ-

ent response to challenge with QD705. A significant
increase in Se, which is a cofactor of GPx, was
observed in the liver of animals at 12 weeks of
QD705 exposure. This surge of Se level in the liver
coincided well with the increase of GPx activity in the
liver at this time. A slight decline of Se was noted at
16 weeks which was also coincidental with a reduction
of GPx activity in the liver. This change in the glu-
tathione system denotes a ‘two-stage’ event of QD-
induced cellular response: An initial compensatory
stage with an increase of GPx activity upon QD
challenge and an eventual decompensatory stage
with an actual reduction of GPx. Similarly, anti-
oxidation status (GSH/GSSG) ratio also fitted ‘two-
stage’ event: An enhancement of GSH/GSSG ratio at
compensatory stage (12 weeks) with the declination at
a later time (16 weeks). Total glutathione was also
elevated at 12 weeks and the absolute levels of GSH
were declined over time (data not shown). It appears
that the liver tried to increase anti-oxidation

capabililty at compensatory stage (12 weeks). Once
the anti-oxidation system could not completely
remove QD705-induced oxidative stress, the liver
entered the decompensatory stage with reduced
anti-oxidation capability (reduced GSH/GSSG) and
more adverse responses.
The question remains whether this decrease in anti-

oxidation status after QD705 exposure would actually
lead to oxidative stress. Cellular oxidative stress and
oxidative damage to DNA may be indicated by the
elevations of two factors: HO-1 and 8-oxo-dG
(Danielsen et al. 2008). Furthermore, inflammation
may also be reflected by the enhancement of the pro-
inflammatory factor, TNF-a (Hehlgans and Pfeffer
2005). Indeed, the present study demonstrated sig-
nificant elevations in all of these factors (HO-1,
8-oxo-dG, TNF-a, ZIP8, ALT, and AST) in a
dose-correlated fashion at the late stage of exposure
(16 weeks). Thus, this study has demonstrated, for
the first time, that injection of QD705 into animals
(mice) suppresses anti-oxidation status (glutathione
system) in the liver and causes oxidative stress, and
hepatotoxicity.
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Figure 7. Change in pro-inflammatory factors. (A) TNF-a expression. TNF-a (a pro-inflammatory factor indicative an early cell injury), was
significantly elevated at 16 weeks after QD705 exposure. (B) IL-1b expression. No change was observed. (C) IL-6 expression. Similar to
TNF-a, IL-6 was also significantly elevated at 16 weeks. (D) CXCL1 expression. No significant change was observed. *indicates p < 0.05 as
compared with vehicle-treated mice.
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Nel et al. (2006) recently proposed that the oxida-
tive stress induced by nano-materials may occur in a
three-tiered sequence. Tier 1 of the sequence is the
initial response to the challenge with cellular anti-
oxidation defense; Tier 2 is failing of the defense
system with overwhelming ROS accumulation
accompanied by induction of oxidative stress and
inflammation; and Tier 3 is cytotoxicity with mito-
chondrial damage, cellular injury, and apoptosis. The
findings in the present study are consistent with this
3-Tier Model (Figure 8). By 12 weeks, a compensa-
tory response was found in the liver with enhanced
levels of trace elements (Se, Cu, and Zn) which are
important for maintaining the integrity of anti-
oxidation systems such as the glutathione (GPx),
Cu, and Zn-SOD. This compensatory response
appears to be equivalent to Tier 1 of the model
proposed by Nel et al. (2006). At a later time
(16 weeks) after exposure to QD705, we found a
reduction of GSH/GSSG ratio (anti-oxidation status)
with elevation of oxidative stress markers (HO-1 and
8-oxo-dG), TNF-a and ZIP8 in the liver. These
findings support the hypothesis of a decompensatory
stage represented by Tier 2 of the model of Nel et al.
(2006). A significant increase in ALT and AST was
observed in the liver of QD705-treated mice at
16 weeks. This result reveals that with longer exper-
imental time, cytotoxic change (liver injury) can also
be induced by QD705 (Tier 3 of the Nel Model).

However, a significant elevation of ALT was also
observed at high dose (160 pmol) of QD705 at
12 weeks. It suggests that more mechanisms may
contribute to hepatotoxicity induced by the high
dose of QD705. It seems that only our results at
low dose (40 pmol) were consistent with the Nel’s
model. Most studies evaluated the safety of nanoma-
terials by assessing their cytotoxicity and inflamma-
tory effects. Genotoxicity is one of the major criteria
for assessing health risk of new pharmaceuticals and
clinically used chemicals (Singh et al. 2009).
Genotoxicity not only could initiate or promote

tumorgenesis, but also has adverse effects on fertility.
However, genotoxicity of nanomaterials are rarely
investigated (Singh et al. 2009). In our present study,
QD705 caused the formation of 8-oxo-dG in mice
liver. If 8-oxo-dG is not removed by 8-oxogaunine-
DNA glycosylase-1 (OGG1), a DNA repair enzyme,
during cell proliferation this DNA adduct can lead to
DNAmutation. Cadmium ion has been demonstrated
to inhibit OGG1 expression and activity (Zharkov and
Rosenquist 2002; Youn et al. 2005). Previously, we
reported that QD705 might decompose and release
cadmium ion in vivo (Lin et al. 2009).
Therefore, the combined effects of cadmium ion

and 8-oxodG formation would greatly enhance the
mutation risk following QD705 treatment. Data
from this study support the hypothesis that the
oxidative-related responses induced by QD705 are
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Figure 8. Model of hierarchical oxidative stress and response induced by QD705 in the liver of ICRmice. The various events (changes in trace
metals, redox status, oxidative stress index, etc.) induced by QD705 in the liver of mice are summarized.
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closely related to the free Cd released from these
nanocrystals (Cho et al. 2007). However, it should
be noted that both intact QD705 and free Cd are
present in the liver even after 16 weeks of exposure
(Lin et al. 2009). The result of the present study
certainly cannot exclude the possibility of direct toxic
impacts by intact QD705 in QD705-treated mice.
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