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Mechanisms of cellular adaptation to quantum dots – the role of
glutathione and transcription factor EB
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(Received 10 December 2010; accepted 11 March 2011)

Abstract
Cellular adaptation is the dynamic response of a cell to adverse changes in its intra/extra cellular environment. The aims of this
study were to investigate the role of: (i) the glutathione antioxidant system, and (ii) the transcription factor EB (TFEB), a
newly revealed master regulator of lysosome biogenesis, in cellular adaptation to nanoparticle-induced oxidative stress.
Intracellular concentrations of glutathione species and activation of TFEB were assessed in rat pheochromocytoma (PC12)
cells following treatment with uncapped CdTe quantum dots (QDs), using biochemical, live cell fluorescence and immu-
nocytochemical techniques. Exposure to toxic concentrations of QDs resulted in a significant enhancement of intracellular
glutathione concentrations, redistribution of glutathione species and a progressive translocation and activation of TFEB. These
changes were associated with an enlargement of the cellular lysosomal compartment. Together, these processes appear to have
an adaptive character, and thereby participate in the adaptive cellular response to toxic nanoparticles.
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Introduction

Nanoparticles (NPs) are continuously being developed
for a diverse range of applications in the rapidly grow-
ing field of nanomedicine, primarily as imaging, diag-
nostic and therapeutic tools. However, many of the
interactions between nanoparticles and biological sys-
tems, as well as related mechanisms of nanoparticle-
induced toxicity, remain unclear (Nel et al. 2006,
2009;Maysinger 2007). The cellular response to nano-
particle exposure has been shown to be dependent on
physicochemical properties such as size, shape, core
composition, surface coating, ligand arrangement and
charge (Jiang et al. 2008; Verma and Stellacci 2009).
Capped quantum dots (QDs) are highly florescent

and photostable NPs, making them suitable candidates
for in vivo imaging and for highly sensitive ex vivo
diagnostic assays (Kosaka et al. 2010). The capping
of QDs with a zinc sulfide (ZnS) shell increases core
stability and allows further modification of surface
chemistry, providing the potential for diverse site-
directed targeting and enhanced biocompatibility.
First-generation uncapped or ‘naked’ cadmium tellu-
ride (CdTe) and cadmium selenide (CdSe) QDs are

cytotoxic in several cell systems (Lovric et al. 2005a;
Lovric et. al 2005b; Choi et al. 2007;Maysinger 2007).
QD-induced cell death involves the release of free
cadmium ions from the QD core, formation of reactive
oxygen species and nitrogen species (ROS/RNS), and
the disruption of cellular redox homeostasis (Choi et al.
2007). Exposure to both artificial and biological NPs
can lead to the disruption of cellular redox status and
activation of compensatory mechanisms. However,
when exposed to toxic nanomaterials for a short time
or in low nanomolar concentrations, cells can success-
fully adapt by engaging antioxidant defenses and lipid
re-distribution processes (Jain et al. 2009; Khatcha-
dourian and Maysinger 2009). Specific mechanisms
that mediate these adaptive cellular processes remain
unclear.
Throughout evolution, eukaryotic cells have devel-

oped several overlapping defense mechanisms that
become activated in response to varying degrees of
oxidative stress (Janssen-Heininger et al. 2008). The
generation of oxidative stress involves the uncompen-
sated accumulation of both ROS and RNS leading to
the formation of harmful adducts with cellular pro-
teins, lipids and DNA (Li et al. 2008). ROS/RNS
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molecules function as both oxidants and signaling
molecules through alterations in cellular redox homeo-
stasis and the targeting of redox sensitive cysteine
residues (D’Autreaux and Toledano 2007). Cell spe-
cific responses to oxidative stress have been shown to
be dependent on subtle inter-population variations in
cell size, adenosine triphosphate (ATP) concentration
and plasma membrane composition (Simakova and
Arispe 2007). The capacity of cells to adapt to changes
in cellular homeostasis may also depend on its endog-
enous antioxidant status which is determined by the
content of antioxidant enzymes such as superoxide
dismutase (SOD) and catalase (CAT) as well as small
molecular antioxidant molecules such as ascorbic acid,
tocopherol, thioredoxin and glutathione (Dinkova-
Kostova and Talalay 2008).
Glutathione is considered to be a key regulator of the

cellular redox homeostasis due to its low redoxpotential
(�240 mV at pH 7.0), high intracellular abundance
(1–13 mM) and ubiquitous expression in eukaryotic
cells. Reduced glutathione (GSH) reacts primarily with
H2O2 resulting in the formation of oxidized glutathione
(GSSG) and H20. De novo synthesis of glutathione by
gamma-glutamylcysteine synthetase (GCL), the rate
limiting step, can be enhanced by increasing the intra-
cellular cysteinepool via the additionof thiol-containing
antioxidant molecules such as N-acetylcysteine (NAC)
and lipoic acid (LA) (Ruffmann and Wendel 1991;
Packer et al. 1995). Healthy, unstressed cells maintain
a high intracellular GSH/GSSG ratio to ensure the
availability of GSH. As cells become increasingly
stressed, the GSH/GSSG ratio decreases which results
in the transcriptional activation of the antioxidant
response element (ARE) by the NF-E2-related factor
2 (Nrf2) transcription factor, and expression of antiox-
idant genes such as CAT, SOD and GCL (Biswas and
Rahman 2008). Nrf2 translocation to the nucleus is
tightlycontrolledbystress responsivemitogen-activated
protein kinases (MAPKs) following disruption of cel-
lular redox homeostasis (Maher and Yamamoto 2010).
Indeed, activationofNrf2 in response toGSHdepletion
is an important determinant of cellular fate (Li et al.
2007).Dynamic changes in the lysosomal compartment
following oxidative stress are also believed to play a role
in the cellular adaptation process (Khatchadourian and
Maysinger 2009).
The coordinated transcriptional behaviour of lyso-

somal genes was recently revealed to be dependent
on transcription factors of the microphthalamia-
transcription factor E (MiT/TFE) subfamily of basic
helix-loop-helix leucine zippers (bHLHZIP). Overex-
pression of one member of this family, transcription
factor EB (TFEB), was shown to significantly increase
the expression of lysosomal genes and enhance the
activity of lysosomal enzymes by directly binding to

the CLEAR (coordinated lysosomal expression and
regulation) element (Sardiello et al. 2009). The protein
product of one of these genes, lysosomal-associated
membrane protein 1 (LAMP1), plays a key role in
lysosome biogenesis, stability and function (Eskelinen
2006). Recent studies have shown that most QDs
tend to accumulate in lysosomal compartments and
may themselves induce lysosome formation (Behrendt
et al. 2009; Khatchadourian and Maysinger 2009;
Przybytkowski et al. 2009). Our hypothesis is that acti-
vation of TFEB drives many of the observed changes in
the cellular lysosomal compartment in response toQD-
induced oxidative stress. Understanding the mechan-
isms involved in the adaptation process may lead to the
development of strategies that enhance intrinsic cellular
defenses for the purpose of limiting and/or circumvent-
ing nanoparticle-induced toxicity.

Methods

Cell culture and media

Undifferentiated rat pheochromocytoma cells (PC12)
acquired from ATCC (CRL-1721) were cultured
in RPMI 1640 media (Gibco) containing 5% fetal
bovine serum (Gibco), 1% penicillin-streptomycin
(Gibco) and free of phenol-red. Cells were cultured
in T75 cell culture flasks (Sarstedt) and maintained at
37�C, 5% CO2 in a humidified atmosphere. The
seeding density was 40,000 cells per well in 96-well
plates (Sarstedt), 400,000 cells per well in six-
well plates (Sarstedt), and 10,000 cells per well in
eight-well chambers slides (Lab-Tek), where indi-
cated. Following seeding, PC12 cells were grown
for 24 h to attain confluency prior to cell treatments.

Cell treatments

Cells were washed twice with PBS (Gibco) before and
after all cell treatments. Cell treatments were added in
serum free medium and incubated at 37�C for the
times indicated. In experiments involving lipoic acid
(200 mM; Sigma), cells were pretreated in serum
containing media for 24 h. In experiments involving
L-buthionine-sulfoximine (50 mM; Sigma), cells were
pretreated in serum containing media for 4 h.

Nanoparticle preparation and characterization

Poly(caprolactone)-b-poly(ethylene oxide) NPs were
synthesized and characterized according to previous
studies (Savic et al. 2003). Gold nanoparticle contain-
ing micelles were prepared as described in detail
(Sidorov et al. 2004; Soo et al. 2007). CdSe/ZnS,
CdSe/ZnS/PEG and uncapped CdTe NPs were
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synthesized and characterized as per the method
described previously (Gaponik et al. 2002), and char-
acterization was performed as described in our pre-
vious studies (Lovric et al. 2005a ; Cho et al. 2007;
Choi et al. 2007). A summary of nanoparticle com-
position, size, surface coating and concentrations
used is provided in Table I.

Flame atomic absorption

The cadmium content of CdTe and CdSe/ZnS QDs
(4, 20 and 40 nM) was measured using a Perkin-
Elmer 3030 atomic absorption spectrometer. The
instrument was operated in background correction
mode. Detection of cadmium in 3 mL sample aliquots
was carried out at room temperature using a hollow
cathode lamp cadmium lamp (UNICAM) at a wave-
length of 228.8 nm (4 mA current, 48 energy). The
calibration fits were obtained using standard solutions
of cadmium (SCP Science) ranging from 0–15 mg/L.

Alamar Blue assay

To assess relative metabolic activity, cells were seeded
in 96-well plates and incubated with 10 mL Alamar
Blue (Invitrogen, CA, USA) diluted with 90 mL serum
free media (10% vol/vol) per well for 1 h at 37�C
following exposure to NPs (4, 20, 40 and 250 nM;
24 h). Mean fluorescent intensity was measured with a
FLUOROstar Optima fluorimeter (BGM, Labtech)
with filters were set to Ex/Em = 544/590 nm and
employed 3 � 3 matrix well scanning.

GSH, GSSH and total glutathione assay

Reduced glutathione (GSH), oxidized glutathione
(GSSG) and total glutathione (tGSH) concentrations

were determined biochemically (Calbiochem Kit)
based on the Tietze method which measures the
reaction of DTNB (5,5¢-dithio-bis-2-nitrobenzoic
acid) with the sulfhydryl group of GSH to produce
yellow colored 5-thio-2-nitrobenzoic acid (TNB)
(Tietze 1969). Cells were seeded in six-well plates
and exposed to NPs (4, 20, 40, 250 nM; 24 h).
Following treatment, cells were detached with
0.05% trypsin/EDTA (Gibco) for 5 min at 37�C,
spun down at 3000 rpm for 5 min and resuspended
in 1 mL of fresh serum free media. Sample aliquots
(90 mL) were added to trypan blue (Gibco) (10 mL)
and viable cells were counted with a hemocytometer
(Fisher). The remaining cells were pelleted down,
resuspended in assay buffer (1 mL), lysed by freeze/
thaw (5 min at�80�C and 5 min at 37�C), spun down
at 10,000 rpm for 10 min and incubated with DTNB
(0.5 mM) for 30 min at room temperature. The
absorbance of TNB (412 nm) was measured in sam-
ple aliquots (100 mL) with a bench-top microplate
reader (BIORAD).

Intracellular glutathione imaging

GSH reacts specifically with monochlorobimane
(mCBi; Cayman), a non-fluorescent membrane per-
meable dye, to form a fluorescent adduct (mCBi-
GSH). Cells were seeded in 96-well plates and exposed
to CdTe QDs (20, 40 nM; 24 h) then incubated with
mCBi (50 mM ) for 1 h at 37�C. Dye containing media
was aspirated and cells were washed with PBS. Fresh
serum free media was added prior to live cell imag-
ing. Fluorescence images were acquired with a Leica
DFC350FXmonochrome digital camera connected to
a Leica DMI4000B inverted fluorescence microscope.
The fluorescent intensity of the mCBI-GSH adduct
was quantified and individual cells were classified as
containing high, med or low levels of intracellular

Table I. Cytotoxicity of selected nanoparticles.

Nano-sized particle Size (nm) Surface coating Concentration (nM) Cell viability (%)

PCL-b-PEO 25 PEO 250a 97.6 ± 5.1

P4VP21-b-PEO45-gold nanoparticle 24 PEO 250a 96.1 ± 9.0

CdTe QD 4 Cysteamine 250 7.7 ± 4.3***

40 30.1 ± 9.7***

20 64.6 ± 7.1***

4 95.1 ± 8.3

CdSe/ZnS QD 10 Cysteamine 250a 95.3 ± 4.4

CdSe/ZnS/PEG QD 25–30 PEG 250a 95.7 ± 3.9

Cellular viability was assessed in cells exposed to nanoparticles (4, 20, 40 and 250 nM; 24 hours). Data are presented as means ± SEM of three
individual experiments of triplicates. Significance was tested with independent t-tests (with Bonferroni correction) and indicated by
***p < 0.001. aindicates no significant reduction in viability at all concentrations tested.
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glutathione (tGSH) following image analysis using
ImageJ (low < 1000 a.u.; medium 1000 < 2000 a.u.
and high > 2000 a.u.). The number of cells in each
subpopulation was normalized by the total number of
cells per frame. At least nine individual pictures were
used per condition for quantification. Additionally, the
fluorescent intensity of the mCBi-GSH adduct was
measured with a FLUOROstar Optima fluorimeter
(BGM, Labtech). Filters were set to Ex/Em = 380/
460 nm and employed 3 � 3 matrix well scanning.

Detection of Reactive Oxygen Species (ROS)

ROS generation was measured using dihydroethi-
dium (DHE; Molecular Probes). Cells were seeded
in six-well plates and treated with CdTe QDs (20 nM;
4 h) then incubated with DHE (10 mM ) in the dark
for 30 min. The conversion of DHE into highly
fluorescent ethidium bromide was measured spectro-
fluoremetrically with a FLUOROstar Optima fluo-
rimeter (BGM, Labtech) with filters set to Ex/
Em = 544/612 nm and employed 3 � 3 matrix well
scanning.

Detection of Reactive Nitrogen Species (RNS)

RNS generation was assessed by measuring
3-nitrotyrosine (3NT), a product of tyrosine nitration.
Cells were seeded in eight-well chamber slides and
treated with CdTe QDs (20 nM; 24 h) then fixed
with 4%paraformaldehyde (BDH laboratory), permea-
bilized with 0.1% Triton-X 100 (Amersham) and sub-
sequently blocked with 10% goat serum (GS; Sigma).
Immunostaining was performed using primary 3NT
antibody (Millipore) diluted 1:1000 in GS and incu-
bated overnight at 4�C.The next day, cellswerewashed
withPBSand incubatedAlexa594goat anti-rabbit IgG-
conjugated secondary antibody (Molecular probes)
diluted 1:1000 in 10%GS for 1 h at room temperature.
Cells were washed with PBS and then counterstained
with 10 mM Hoechst 33258 (Invitrogen) for 60 min.
Stained coverslips were mounted onto microscope
slides (Super Frost) using Aqua PolyMount (Poly-
science). Fluorescence images were acquired with a
Leica DFC350FX monochrome digital camera con-
nected to a Leica DMI4000B inverted fluorescence
microscope.

Western blotting

Cells were seeded in six-well plates and treated with
CdTe QDs (20 nM; 24 h) and washed twice with ice-
cold PBS, lysed in Nonident P-40 buffer [50 mMTris-
HCl (pH 8.0), 1.37 mM NaCl, 1% (vol/vol) Nonidet

P-40, 10% (vol/vol) glycerol, 0.1 mM sodium ortho-
vanadate, complete protease inhibitor cocktail tablet
(Roche)] and subjected to standard protein separation
using 12% SDS-PAGE minigels. Membranes were
then probed with non-fat dry milk. Blocked mem-
branes were then probed with primary antibodies.
Anti-phospho-JNK (Promega) was used at a
1:5000 dilution. Anti-JNK1 (Santa Cruz Biotechnol-
ogy) was used at a dilution of 1:1000. Anti-phospho-
p38 was used at a dilution of 1:5000 (Promega). Anti-
p38 was used at a dilution of 1:1000 (Santa Cruz
Biotechnology). Anti-actin was used at a 1:1000 dilu-
tion (Chemicon). Horseradish peroxidase-labeled anti-
bodies (1:4000, Amersham) were used as secondary
antibodies. Immunoblots were developed using the
enhanced chemiluminescence system (Amersham)
and X-OMAT film (Kodak).

Transmission Electron Microscopy (TEM)

Cells were seeded in eight-well EM chamber slides
(Lab-Tek) and treated with CdTe QDs (20 nM,
24 h). Following treatment, cells were fixed with
2.5% gluteraldehyde in 0.1 M sodium cacodylate
buffer and post-fixed with 1% osmium tetroxide
(OsO4) in a 1.5% potassium ferrocyanide (KFeCN)
solution. Thin sections (0.1 mm) were prepared using
an Ultracut-E ultramicrotome (Leica Microsystems),
and digital images were taken with a Gatan 792 Bios-
can 1k � 1k Wide Angle Multiscan CCD camera
(JEM-2000 FX).

LysoTracker DND-26 staining

The total lysosomal content of live PC12 cells was
measured using LysoTracker DND-26 (Invitrogen).
Cells were seeded in eight-well chamber slides and
treated with rapamycin (Sigma; 200 nM) and CdTe
QDs (20 nM) for 1, 6 and 24 h, then incubated with
Hoechst 33258 (10 mM) for 60 min and LysoTracker
Green DND-26 (500 nM) for 2 min. Fluorescence
images were acquired with a Leica DFC350FX
monochrome digital camera connected to a Leica
DMI4000B inverted fluorescence microscope. Total
lysosomal content was then quantified using ImageJ
imaging software.

Assessment of TFEB translocation

Cells were seeded in eight-well chamber slides and
treated with rapamycin (200 nM) and CdTe QDs
(20 nM) for 1, 6 and 24 h. Following treat-
ment, immunostaining was performed using primary
TFEB antibody (Millipore) diluted 1:1000 in GS and
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incubated overnight at 4�C. Fluorescence images were
acquired with a Leica DFC350FX monochrome dig-
ital camera connected to a Leica DMI4000B inverted
fluorescence microscope. TFEB translocation was
then quantified using ImageJ imaging software.

Statistical analysis

Statistical significance was analyzed using SYSTAT
10 (SPSS) and determined by analysis of variance
(ANOVA) followed by post hoc Dunnett’s test or by
independent t-test (where specified). Differences
were considered significant where *p < 0.05,
**p < 0.01 and ***p < 0.001.

Results

Changes in intracellular glutathione species in cells
exposed to toxic nanoparticles.

To investigate the adaptive cellular response to
nanoparticle-induced stress, we first assessed PC12
cell viability following exposure (0–250 nM) to a
diverse range of NPs with varied composition and size
(Table I). Poly(e-caprolactone)- poly(ethylene oxide)
(PCL-b-PEO) block copolymer micelles are water-
soluble biocompatible nanocontainers used as a drug
delivery system (DDS) for hydrophobic drugs
(Savic et al. 2003). Poly(4-vinylpyridine)-block-poly
(ethylene oxide) (P4VP21-b-PEO45) micelles contain-
ing gold nanoparticle were developed to enhance the
visualization of micelles in subcellular compartments,
including lysosomes (Soo et al. 2007). Several types of
QDs were selected for this study including: Uncapped
(poorly stable) CdTe QDs, capped (stable) CdSe/ZnS
QDs andpoly ethylene glycol (PEG) conjugated (highly
stable) CdSe/ZnS/PEG QDs (Lovric et al. 2005a,
2005b; Choi et al. 2007, 2008). UncappedQDs readily
leak core components (cadmiumand tellurium) and are
more prone to aggregation (Pelley et al. 2009). The
cadmium content of uncapped CdTe QDs and capped
CdSe/ZnS QDs was determined using flame atomic
absorption (FAA). CdTe QDs samples contained 5�
more cadmium thanCdSe/ZnSQDs at equimolar con-
centrations (Supplementary Figure 1, available online).
These results show a significant shedding of cadmium
from the core of the uncapped QDs. The aggregation
status of CdTe QDs was determined using dynamic
light scattering (DLS).Results fromtheseanalyses show
that CdTe QDs formed large aggregates (Supplemen-
tary Figure 2, available online). QDs cappedwith a ZnS
shell and PEG have enhanced biological stability and
plasma half-life as well as reduced immunogenicity
and tendency to form aggregates (Walling et al.

2009). Only exposure to uncappedCdTeQDs resulted
in a concentration-dependent reduction in cell viability
(20 nM: 64.6 ± 7.1, p < 0.001; 40 nM: 30.1 ± 9.7,
p< 0.001; 250nM: 7.7± 4.3, p< 0.001), as compared to
PCL-b-PEO, P4VP21-b-PEO45-gold nanoparticles,
CdSe/ZnS and CdSe/ZnS/PEG nanoparticles
(< 250 nM). It is clear that the stability of the QD
greatly influences its propensity to cause cellular
perturbations.
To investigate the role of glutathione in the adaptive

cell response to selected QDs (Table I), the concentra-
tions of intracellular glutathione species were assessed
biochemically using the Tietze method (Tietze 1969).
Cellswere exposed tonon-toxic doses ofCdSe/ZnSand
CdTe QDs for 24 h (250 nM and 4 nM, respectively).
Exposure to non-toxic CdSe/ZnS QDs did not elicit a
significant change in intracellular glutathione species
with respect to the control (Figure 1A), nor did low
nanomolar concentrations of CdTe QDs (Figure 1B).
However, total intracellular glutathione (tGSH) and
GSSG concentrations increased progressively in
response to increasing concentrations of CdTe QDs,
indicated by diamond and triangle symbols respectively
(tGSH� 20 nM: 3.7 ± 0.1 nmoles/106 cells, p < 0.001;
40 nM: 5.6 ± 0.3 nmoles/106 cells, p < 0.001 and
GSSG � 20 nM: 1.34 ± 0.1, p < 0.001; 40 nM: 3.6 ±
0.03 nmoles/106 cells, p < 0.001; Figure 1B).
Having observed global upregulation of intra-

cellular glutathione concentrations in cell lysates,
tGSH concentrations were then measured at the level
of individual cells using monochlorobimane (mCBi)
following exposure to CdTe QDs. mCBi penetrates
the cell membrane and reacts specifically with GSH to
form a fluorescent adduct (mCBi-GSH) which is read-
ily detected by fluorescent microscopy and spectro-
fluorimetry (Bragin et al. 2010; Sathishkumar et al.
2010). Fluorescent images of live cells containing the
mCBi-GSH adduct were acquired following 24-h
exposure to CdTe QDs (Figure 2A). Individual cells
were then classified as having high, medium or low
levels of tGSH based on mean area grey calculations
following image analysis using ImageJ software. Under
control conditions, the majority of cells contained low
tGSH (92 ± 4.0%). A smaller proportion of cells (7.6 ±
3.2%) had medium levels and very few cells were
observed to contain high tGSH (1.2 ± 2.2%). The
tGSH subpopulation distribution was markedly differ-
ent following exposure to CdTe QDs. The majority of
cells exposed to CdTe QDs contained moderate tGSH
levels (20 nM: 68 ± 2.1%, p < 0.001; 40 nM: 89 ±
5.3%, p < 0.001) while a smaller population exhibited
high fluorescence (20 nM: 25 ± 2.6%, p < 0.001;
40 nM: 5.4 ± 2.3%, p < 0.05). There was a significant
decrease in the number of cells within the low popu-
lation following CdTe QDs treatment with respect to
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the control and a reciprocal increase in medium and
high tGSH subpopulations (p < 0.001). Following
treatment with lipoic acid, there was a significant
increase in the number of both medium (66 ± 5.1%,
p < 0.001) and high (9.4 ± 2.1%, p < 0.01) glutathione
containing cells. Following exposure to increasing
concentrations of CdTe QDs, there was no signifi-
cant difference in the magnitude of the tGSH
changes observed from both the biochemical assay
and the spectrofluorometric determination of mCBi-
GSH (Supplementary Figure 3, available online).

The adaptive cellular response to toxic CdTe QDs
involves glutathione synthesis

To examine the contribution of glutathione synthesis
to the adaptive cell response, we pretreated PC12 cells
with both a pharmacological inhibitor and inducer
of glutathione synthesis, L-buthionine sulfoximine
(BSO) and lipoic acid respectively. Pretreatment

with lipoic acid for 24 h enhanced intracellular
glutathione concentrations and significantly reduced
CdTeQD induced-toxicity (87 ± 2.1%, p < 0.001 com-
pared to the control; Figure 2C). Cells were indepen-
dently pretreated with 50 mMBSO, a selective inhibitor
of glutathione synthesis (GCL), for 4 h, then concom-
itantly with CdTe QDs for 24 h. There was a signif-
icant decrease in cell viability (16 ± 0.3%, p < 0.001)
following BSO exposure, compared to CdTe QD
treatment alone (64 ± 2.0%).

QD-induced formation of ROS/RNS and activation of
MAPKs

Next we examined the involvement of specific ROS or
RNS in CdTe QD-induced oxidative stress, and the
involvement of specific ROS or RNS and stress
response signaling in CdTe-induced oxidative stress.
DHE was used to measure superoxide formation in
PC12 cells treated with 20 nM CdTe QDs for 4 h
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(Figure 3A). We observed a significant increase in
superoxide formation with respect to control in cells
exposed to CdTe QDs (27 ± 3.5%, p < 0.01). To
evaluate the effects of CdTe QDs on RNS generation,
we treated PC12 cells with 20 nMCdTe QDs for 24 h
and assessed nitrosative stress using antibodies
against 3-nitrotyrosine (3NT) (Figure 3B). 3NT is
a product of tyrosine nitration mediated by reactive
nitrogen species such as peroxynitrite anion and
nitrogen dioxide. 3NT levels normalized to cell num-
ber were significantly increased in cells exposed to
20 nMCdTe QDs (355 ± 86%, p < 0.01) (Figure 3C).
Indeed, CdTe QDs are potent inducers of both ROS
and RNS.
The JNK and p38 pathways are activated by the

exposure of cells to different kind of stress, including
oxidative stress, environmental stress and toxic
insults (Su et al. 2008). Early transient activation
usually mediates cell survival while prolonged

activation is implicated mostly in cell differentiation
and apoptosis (Li et al. 2002, 2003). We examined
the phosphorylation status of stress activated MAPK
members JNK and p38 in PC12 cells exposed to
20 nM CdTe QDs (Figure 3D). Quantification
of immunoreactive bands from Western blots is
shown, indicating significant increase in the extent
of phosphorylation for JNK, and p38 in the presence
of CdTe QDs, compared to untreated (serum free)
control cells. The JNK and p38 pathways were
both significantly activated following 4-h treatment
with CdTe QDs and the activation persisted up to
24 h (6-fold increase, p < 0.01 and 4-fold increase,
p < 0.05, respectively). The intensity of JNK
phosphorylation decreased after 24 h from the
maximal activation at the 4 hour time point. In
contrast, activation of p38 in CdTe QD treated cells
persisted with the same or even higher intensity
at 24 h.
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Exposure to toxic CdTe QDs induces morphological
changes in cellular organelles and the activation of TFEB

We examined the mitochondrial and lysosomal status
of PC12 cells following exposure of CdTe QDs using
electron and fluorescence microscopy (Figure 4A).
Electron micrographs provided evidence for marked
morphological changes of mitochondria including
deformation, swelling, loss of cristae (black arrows)
and the appearance of numerous vacuoles (white
arrows). The increased volume of the cellular vacu-
olar compartment was confirmed in live cells and
analyzed using LysoTracker DND-26, a marker of
acidic organelles including lysosomes (Figure 4B).
There was an apparent time dependant expansion
in the total volume of the cellular lysosomal compart-
ment following exposure to CdTe QDs. Total Lyso-
Tracker DND-26 fluorescence intensity progressively

increased over time, reaching the maximum following
24-h exposure to 20 nM CdTe QDs (3.27 ± 0.4-fold,
p < 0.005) (Figure 4C). Serum containing media was
used for the control as serum withdrawal is a
potent inducer of autophagy and lysosomal bio-
genesis (Stern et al. 2008). Treatment with rapamycin
(200 nM), another well characterized inducer of
autophagy, significantly increased the fluorescence
intensity of acidic compartment measured by
lysosomal marker LysoTracker DND-26 (3.01 ±
0.4-fold, p < 0.001) (Rubinsztein et al. 2007; Stern
et al. 2008).
To directly assess the involvement of TFEB acti-

vation in the cellular adaptation process, we per-
formed immunocytochemistry to assess lysosome
associated membrane protein LAMP1 expression,
an indicator of TFEB activation. Treatment with
rapamycin and CdTe QDs resulted in a significant
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increase in LAMP1 fluorescence intensity (200 nM
rapamycin: 3.23 ± 0.6-fold, p < 0.001; 20 nM CdTe:
5.41 ± 0.7-fold, p < 0.001) compared to control
(Figure 5B). TFEB activation in response to CdTe
QD exposure was then evaluated by measuring the
degree of translocation from the cytosol to the
nucleus, where TFEB directs lysosomal biogenesis.
TFEBmigrated from a primarily cytosolic localization
to a perinuclear localization following 6-h exposure to
20 nM CdTe (Figure 5C). Quantification of the
subcellular localization of TFEB from immunofluo-
rescence micrographs revealed a significant time-
dependant increase in the nuclear distribution of

TFEB following exposure to CdTe QDs for 1 and
24 h (56.2 ± 3.1%, p < 0.001; 74.9 ± 4.2% p < 0.001,
respectively) compared to control (Figure 5D).

Discussion

Eukaryotic cells have acquired a series of compensa-
tory protective mechanisms to adapt to oxidative
stress throughout evolution (Dickinson et al. 2003).
We investigated two potential cellular adaptation pro-
cesses and observed significant intracellular changes
in both systems following exposure to toxic concen-
trations of CdTe QDs. We provide evidence for the
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involvement of the glutathione antioxidant system in
the cell-specific response to QD-induced oxidative
stress and propose that TFEB is a key mediator of
the underlying adaptive changes observed in the cel-
lular lysosomal compartment.
Innature, cells are exposed to awide range of noxious

stimuli some of which include biological and artificial
nano-sized particles. Once endogenous cellular antiox-
idants are depleted, electrophiles and peroxidized lipids
lead to the disruption of redox homeostasis. ROS/RNS
can function as signaling molecules through modifica-
tion of redox sensitive cysteine sulfhydryls which antag-
onize the inhibition of nuclear-factor-E2-related-factor

(Nrf2) by Keap1 (Chen et al. 2006). This results in the
nuclear translocation of NFR2 and expression of
enzymes including SOD, CAT and GCL).
Nrf2 activation may occur via direct or indirect phos-
phorylation of Nrf2 itself or regulator proteins by
MAPKs (Li and Kong 2009). Activation of MAPKs
cascades in response to oxidative stress is well docu-
mented; however, the specific molecular mechanisms
of Nrf2 activation remain unclear (Piccirillo et al.
2009). One potential mechanism is the phosphory-
lation of Cul3, a Nrf2 binding protein by MAPKs
(Rachakonda et al. 2008). JNK and p38 have been
specifically implicated in Nrf2 activation as their
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inhibition has abolished the adaptive response to GSH
depletion (Andreadi et al. 2006; Li et al. 2007). We
found that JNK and p38 were activated early and
intensely after treatment with uncapped CdTe QDs.
We propose that QD-induced oxidative stress leads to
activation of MAPK kinases, translocation of Nrf2 and
activation of tier 2 defenses, facilitating the enhance-
ment of de novo glutathione synthesis.
Glutathione is especially important with respect to

QD toxicity as it serves in the first line of defense, due
to the formation of highly stable glutathione-cadmium
complexes. The cadmium center of these complexes
can assume several different coordination geometries
with the glutathione molecule, rendering glutathione a
highly effective cadmium chelator (Singhal et al. 1987;
Belcastro et al. 2009). However, CdTe QD toxicity
does not result from the simple addition of cadmium
and tellurium components, but rather depends on the
unique physicochemical properties of the nanocrystal
structure as a sum greater than its parts (Jain et al.
2009). Undifferentiated rat pheochromocytoma cells
(PC 12) are an attractive model to study the adaptive
cellular response to oxidative stress, because they are
well characterized and the signal transduction path-
ways have been previously described in detail (Greene
and Tischler 1976; Kaplan 1998; Patapoutian and
Reichardt 2001; Vaudry et al. 2002).
PC 12 cells with low basal tGSH appear to be more

sensitive toCdTeQDexposure thanthosewithmedium
orhightGSH,suggesting that cell survival isdue, inpart,
to increased total glutathione levels. This proposition is
supported by the fact that exposure to toxic concentra-
tions of CdTeQDs resulted in a 14-fold decrease in the
fraction of cells containing low tGSH and a reciprocal
14-fold decrease in the fraction of cell contacting
medium/large tGSH concentrations. We believe that
the dramatic shift in the distribution of glutathione
subpopulations represents a cell specific adaptation
response. The largest increase in the proportion of cells
containing high tGSH was measured following expo-
sure to 20 nMCdTe QDs, as opposed to 40 nMCdTe
QD.Thisdifferencemaybedue toexcessiveCdTeQD-
induced oxidative damage at higherQDconcentrations
that limits the capacity of the cell to synthesize more
GSH. Non-toxic CdSe/ZnS QDs did not result in an
enhancement of tGSH concentrations whatsoever, or a
disruptionof theGSH/GSSGratio, suggestingaspecific
role for glutathione in the adaptation process to toxic
QDs. Taken together, cellular exposure to toxic QDs
brings about a dynamic redistribution of intracellular
glutathione by selectively (i) killing cells with low GSH
concentrations, and (ii) sparing those with medium to
high GSH concentrations by enhancing GSH synthesis
in the sparedpopulation.Ourfindings agreewith recent
work investigating QD toxicity in undifferentiated

PC12 cells (Prasad et al. 2010). Differentiated PC12
cells are much more sensitive to QD exposure, with
significant ROS generation, degeneration of neurite-
likeprocesses andcelldeathoccurring at lownanomolar
concentrations (0.5–1 nM) (Kumar et al. 2010).
The generation of oxidative stress has been shown

to adversely affect the morphology and function of
cellular organelles (Lewinski et al. 2008). Highly
metabolically active organelles, such as mitochondria,
are particularly sensitive to changes in redox homeo-
stasis (Cheng et al. 2011). Mitochondria depend on
cytosolic synthesis and trafficking of glutathione
which strongly sensitises the mitochondria to cellular
GSH depletion (Hu et al. 2008). Extensive mitochon-
dria membrane damage, observed in TEM micro-
photographs, has been associated with inefficient
ATP production, enhanced formation of ROS and
the release of pro-apoptotic factors (Han et al. 2003).
In healthy cells, dysfunctional mitochondria are effi-
ciently engulfed by vesicles and trafficked to acidified
lysosomes resulting in the controlled degradation and
clearance of damaged cellular components (autop-
hagy). Electron and fluorescence microscopy analysis
confirmed the presence of enhanced vacuolization
and expansion of the lysosomal compartment in
PC12 cells exposed to CdTe QDs.
Oxidative stress-resistant cells have been shown to

contain increased levels of cholesterol precursors
(lathosterol and lenosterol) and cholesterol which accu-
mulates in lysosomes aswell as increased cellular sphin-
gomyosin (Clement et al. 2009). Lysosome-associated
membrane protein 1 (LAMP1), observed to be upre-
gulated in response to toxic concentration of CdTe
QDs, has also found to be enriched in stress-resistant
cells, presumably by stabilizing the integrity of the
lysosomal membrane and protecting it from oxidation
(Butler and Bahr 2006). Additionally, heat shock pro-
tein70(HSP70)hasbeenshowntopreventcell deathby
inhibiting permeabilization of lysosome membranes
(Kirkegaard et al. 2010). Indeed, exposure to CdTe
QDs results in the enhanced expression of HSP 70 in
primary fish hepatocytes (Gagné et al. 2008). As such,
cellular adaptation processes serve to mitigate ROS/
RNS species, thus preserving the function of the lyso-
some, linking autophagy with antioxidant based adap-
tationmechanisms(Figure6). Ithasbeensuggested that
the induction of autophagy may be the direct result of
interactions between NPs and the endosome/lysosome
or alternatively, NPs may be recognized as an endoso-
mal pathogens and targeted to the autophagy pathway
fordegradation (Sternet al. 2008).Theaccumulationof
damaged proteins and organelles (particularly mito-
chondria) following nanoparticle-induced oxidative
stress may also account for the observed induction of
autophagy.
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Our results implicate TFEB as a mediator of the
adaptive response to uncapped CdTe QDs, a proposal
supported by: (i) significantly increased fluorescence of
lysosomal marker Lysotracker DND 26, (ii) upregula-
tion of LAMP1 expression, and (iii) progressive trans-
location of TFEB to the nucleus. We believe that the
functional outcome of TFEB activation involves the
clearance of damaged cellular organelles, particularly
mitochondria. Future studies are required to provide
direct evidence for the functional dependence of TFEB
activation. The precise function and composition of
lysosomes following nanoparticle-induced oxidative
stress should be further investigated by time course
microscopy in cells expressing lysosome-
specific proteins (LAMP1/2, Rab7 and CD63) tagged
with green fluorescent protein (GFP) family members
and proteomic analysis in the presence and absence of
TFEB siRNA. Detailed studies employing these
approaches may reveal novel lysosome/nanoparticle
interactions and elucidate their role in the adaptive
cell response to various biological and synthetic nano-
sized particles. Investigations of these interactions are
required to better understand how different morpho-
logical, physical and chemical properties of nanopar-
ticles direct cellular fate.
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