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Min Liu - Xiaohu Gu - Ke Zhang - Yi Ding -
Xinbing Wei « Xiumei Zhang + Yunxue Zhao

Received: 29 November 2012/ Accepted: 22 May 2013 /Published online: 30 July 2013

© Springer Science+Business Media Dordrecht 2013

Abstract Previously 13 nm gold nanoparticles
(GNPs) have been shown to display cytotoxicity to
lung cancer cells when L-buthionine-sulfoximine
(BSO) was used to decrease the expression of
intracellular glutathione (GSH). In this study, we
investigated how the GNPs induced cell death at the
molecular level. Dual staining with fluorescent
annexin V, and propidium iodide was used to
discriminate apoptotic and necrotic cell death. We
found that GNPs induced apoptosis and necrosis in
lung cancer cells with low level of intracellular GSH.
The disruption of F-actin and phosphorylation of
H2AX induced by GNPs were both associated with
apoptosis. The ER stress was caused, mitochondrial
membrane potential was disrupted, intracellular cal-
cium was elevated and intracellular caspase-3 was
activated by GNPs in lung cancer cells with low
intracellular GSH, while cell death could not be
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prevented by the pan-caspase inhibitor N-benzyl-
oxycarbonyl-Val-Ala-Asp-fluoromethylketone. The
cells were further examined for caspase-independent
death. After GNPs and BSO exposure, apoptosis
inducing factor, endonuclease G, and glyceraldehyde-
3-phosphate dehydrogenase translocated into the
nuclei of apoptotic cells. Receptor-interacting protein
1 kinase inhibitor necrostatin-1 significantly decreased
the PI positive cells that were induced by GNPs and
BSO. Taken together, our results suggest that multiple
modes of cell death are concurrently induced in GNPs-
exposed lung cancer cells with low intracellular GSH,
including apoptosis and necrosis. These results have
important implications for GNPs in anticancer
applications.

Keywords Gold nanoparticles - Glutathione -
Apoptosis - Necrosis

Introduction

Nanotechnology provides a flexible platform for the
development of effective therapeutic nanomaterials
(Mura and Couvreur 2012). Various nanomaterials
have been extensively utilized in medical applications
including local drug delivery, cell imaging, and
biosensors (Ambrogio et al. 2011; Erathodiyil and
Ying 2011; Ho et al. 2011). Therefore, understanding
the influence of nanomaterials on live cell functions,
controlling such effects, and using them for disease
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therapeutics are now principal aims and among the
most challenging aspects of nanobiotechnology and
nanomedicine. Gold nanoparticles (GNPs) have
attracted much interest for their novel properties and
potential biological applications. Due to their straight-
forward synthesis and stability and the easy modifica-
tion of their functional groups allowing the targeting
of certain properties, significant research efforts have
been conducted with a view to develop application of
GNPs in biomedical applications, such as biological
imaging (Kim et al. 2010), gene and drug delivery (Hu
et al. 2010; Lu et al. 2010; Xia et al. 2011), and cancer
treatments (Dreaden et al. 2012; Kang et al. 2010;
Minelli et al. 2010; Shukla et al. 2012). However, their
toxicological issues are still under debate and the
molecular mechanism underlying the interactions of
GNPs and cells remains to be elucidated (Alkilany and
Murphy 2010; Khlebtsov and Dykman 2011; Li and
Chen 2011). In our previous study, GNPs (13 nm)
have been shown to induce cell death to lung cancer
cells when L-buthionine-sulfoximine (BSO) was used
to decrease the expression of intracellular glutathione
(GSH) (Zhao et al. 2011). Apoptosis and necrosis are
two major cell death modalities (Krysko et al. 2008;
Zhang et al. 2009). The apoptotic process is mainly
executed by a class of cysteine proteases known as
caspases, which can be sorted into intrinsic and
extrinsic apoptotic pathway. Extrinsic pathway
involves triggering of death receptors, which induces
the activation of the initiator caspase-8/-10 in the
death-inducing signaling complex followed by direct
cleavage of downstream effector caspases, including
caspase-3 and caspase-7. After activation of the
intrinsic mitochondrial pathway, the release of mito-
chondrial cytochrome c initiates apoptosome-forma-
tion with initiator caspase-9, and subsequent
activation of caspase-3 and caspase-7 (Kaufmann
et al. 2008; Vucic et al. 2011). On the other hand,
apoptosis inducing factor (AIF) and endonuclease G
(EndoG) can be released from mitochondria into the
cytosol, which be translocated to the nucleus and then
cleave DNA independent of caspase activation (Nor-
berg et al. 2010; Saelens et al. 2004; Van Loo et al.
2001). Necrosis was considered an abrupt and uncon-
trolled type of cell death. However, recent evidence
clearly shows that necrosis also involves elaborate
molecular circuitry. Recent study has shown that
necrotic cell death is highly regulated by the Receptor-
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interacting protein 1 (RIP1) and RIP3 kinases.
Programmed necrosis can be initiated by several
stimuli including DNA damage, oxidative stress,
infection, and activation of pattern recognition recep-
tors (Fortes et al. 2012; Krysko et al. 2008; Zhang et al.
2009).

Cancer remains a major threat to public health
(Umar et al. 2012). There is accumulating evidence
that targeting multiple cell death pathways may be an
advantageous strategy for treating cancer (Hu and
Xuan 2008; Speirs et al. 2011). Our previous studies
showed that GNPs generated more intracellular reac-
tive oxygen species (ROS) in lung cancer cells with
low intracellular GSH (Zhao et al. 2011). At higher
concentrations, ROS often cause cellular damage and
lead to cell death, including apoptosis and necrosis
(Hahm et al. 2011; Nair et al. 2009; Morgan and Liu
2010; Steinbrenner and Sies 2009). The impressive
results in our previous study and the potential appli-
cations of GNPs in anticancer research encourage
elucidating the type of cell death and underlying
cytotoxic mechanism of GNPs in lung cancer cells.
Kang et al. (2010) reported that GNPs with nuclear
targeting motifs elicit significant damage of DNA and
concomitant apoptosis in human oral squamous cell
carcinoma. However, Pan et al. (2009) found that
GNPs with 1.4 nm in diameter triggered necrosis by
oxidative stress and mitochondrial damage in HeLa
cervix carcinoma epithelial cells. In the present study,
we showed that GNPs induce cell death by activating
multiple death pathways, including apoptotic signal-
ing pathway and necrotic pathway in lung cancer cells
with low intracellular GSH.

Materials and methods
Materials

Chloroauric acid (HAuCl, -4H,0, A.R.), ascorbic acid
(AA, AR)), potassium citrate (TPC) (K;Cs—Hs0,
3H,0, AR.), and concentrated nitric acid (HNOs,
67 %, A.R.) were purchased from Shanghai Sinop-
harm Chemical Reagent Co. Ltd. TRITC—phalloidin,
BSO, Necrostatin-1 (Nec-1), and reduced GSH, were
purchased from Sigma-Aldrich. Annexin-V FITC
apoptosis kit was purchased from Invitrogen. Nuclear
extract kit, DAPI, and Fluo-3/AM were purchased
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from Beyotime Institute Biotechnology. The caspase
inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoro-
methylketone (zVAD-fmk) was purchased from
Promega. Cleaved caspase-3 (Aspl75) rabbit pAb
(Alexa Fluor® 488 conjugate), Phospho-Histone
H2AX (Serl39) rabbit mAb (Alexa Fluor® 488
conjugate), Histone H3 (3H1) rabbit mAb (HRP
conjugate), Bcl-2 rabbit mAb, Bip rabbit mAb, Puma
rabbit pAb, Bax rabbit mAb, GAPDH XP® rabbit
mAb (HRP conjugate), AIF XP® rabbit mAb, and
EndoG rabbit pAb, were purchased from Cell Signal-
ing Technology. p53 rabbit pAb and CHOP rabbit pAb
were purchased from Bioworld Technology. B-actin
rabbit pAb was purchased from Beijing Biosynthesis
Biotechnology Co. Ltd.

Synthesis of GNPs

Gold nanoparticles were synthesized using the well-
known wet-chemical reduction method, as described
previously (Zhao et al. 2011). Typically, 100 ml
1 mM HAuCl, aqueous solution was heated to boiling
for 5 min. Upon the introduction of 10 mL 40 mM
TPC solution, the mixed solution was kept boiling for
another 15 min and then allowed to cool to room
temperature naturally. GNPs precipitates were col-
lected by centrifugation and rinsed with ultrapure
water for three times, and then the product was
dispersed in 4 mM TPC solution and kept at 4 °C for
further use.

Cell culture

Lung cancer cells (A549 cells) were purchased from
Shanghai Cell Bank, Type Culture Collection Com-
mittee, Chinese Academy of Sciences. The cells were
cultured in F12K medium supplemented with 10 %
heat inactivated FBS, 2 mM glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin, and main-
tained at 37 °C in a humidified atmosphere of 5 %
COs,.

Analysis of cell apoptosis and necrosis

The ability of GNPs to induce cell apoptosis and
necrosis of A549 cells was quantified by annexin V
and PI staining and flow cytometry, as described
previously (Zhao et al. 2010). Briefly, after treatment
with GNPs (10 pM) and BSO (0.5 mM) for 72 h, cells

were collected and washed with PBS twice, and
subjected to annexin V and propidium iodide staining
using annexin-V FITC apoptosis kit following the
step-by-step protocol provided by the manufacturer.
After staining, flow cytometry was performed for the
quantification of apoptotic and necrotic cells.

Immunofluorescence and confocal microscopic
analysis for actin filaments

F-actin of A549 cells was detected using fluorescent
phalloidin and analyzed by confocal microscopy, as
described previously (Zhao et al. 2010). Cells were
seeded to the glass coverslips in cell culture dishes
(3.5 cm) overnight. GNPs (10 uM) and BSO
(0.5 mM) were then added and cells were cultured
for 48 h. After fixing with 4 % paraformaldehyde,
cells were treated with 0.1 % Triton X-100 and
blocked with 1 % BSA. Cells were incubated with
TRITC-conjugated phalloidin for 60 min and exam-
ined under Confocal Laser Scanning Microscope
(40x, oil).

Mitochondrial membrane potential assay

JC-1(5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenza-
midazolocarbocyanin iodide) is most widely applied
for detecting mitochondrial depolarization occurring
in the early stages of apoptosis. Mitochondrial mem-
brane potential (AY,,) analysis was conducted and
modified, as described previously (Zhao et al. 2010).
Briefly, A549 cells were treated with GNPs (10 pM)
and BSO (0.5 mM) for 48 h, at the end of treatment,
cells were harvested. Cells were incubated with JC-1
at 37 °C for 20 min. Stained cells were washed with
PBS twice and analysed by flow cytometry.

Measurement of intracellular free Ca®*

Intracellular free Ca®" levels in A549 cells were
measured using Ca®" specific fluorescent probe Fluo-
3/AM, as described recently with minor modifications
(Wen et al. 2011). A549 cells were treated with GNPs
(10 uM) and BSO (0.5 mM) for 48 h, at the end of
treatment, cells were harvested. Cells were loaded
with 5 pM Fluo-3/AM for 60 min at room tempera-
ture. After incubation, cells were harvested and
washed twice with PBS and analyzed by flow
cytometry.
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Confocal microscope for DNA damage test

v-H2AX of A549 cells was detected using fluorescent
conjugate anti-y-H2AX antibody by confocal micros-
copy, as described previously (Burma et al. 2001).
Cells were seeded to the glass coverslips in cell culture
dishes (3.5 cm) overnight. GNPs (10 uM) and BSO
(0.5 mM) were then added, and cells were cultured for
48 h. After fixing with 4 % paraformaldehyde, the
cells were treated with 0.1 % Triton X-100 and
blocked with 1 % BSA. Then, cells were incubated
with Alexa Fluor 488 conjugate anti-y-H2AX anti-
body for 1 h. Cells were washed with PBS and then
stained with 4,6-diamidino-2-phenylindole (DAPI).
Fluorescence images were captured by Confocal Laser
Scanning Microscope (63 %, oil).

Measurement of intracellular cleaved caspase-3

Intracellular cleaved caspase-3 was determined by
flow cytometry with cleaved caspase-3 (Aspl75)
antibody. After treatment with GNPs (10 pM) and
BSO (0.5 mM) for 48 h, the cells were trypsinized,
collected by centrifugation, washed twice with PBS,
and fixed with 4 % paraformaldehyde. After treated
with 0.1 % Triton X-100 and blocked with 1 % BSA,
cells were incubated with cleaved caspase-3 (Asp175)
antibody (Alexa fluor 488 conjugate) for 30 min.
Stained cells were washed with PBS twice and
analysed by flow cytometry.

Western blot analysis

Cells were washed twice with ice-cold PBS and lysed
with RIPA buffer containing protease inhibitors. After
centrifugation at 13,000xg for 15 min, protein con-
centrations of the lysates were determined by the
micro-BCA protein assay kit. The total cellular protein
extracts were boiled with 5x Laemmli sample buffer
and separated by SDS-PAGE and transferred to PVDF
membrane. Membranes were blocked with 5 % non-
fat dry milk in TBS containing 0.1 % Tween 20 for 1 h
at room temperature and incubated with appropriate
antibodies overnight at 4 °C. Blots were washed three
times in TBS-T buffer, followed by incubation with
the appropriate HRP-linked secondary antibodies for
1 h at room temperature. The specific proteins in the
blots were visualized using the enhanced chemilumi-
nescence reagent.

@ Springer

Nuclei isolation

Isolation of nuclei was carried out using the nuclear
extract kit according to the manufacturer’s protocol.
Translocation of AIF, EndoG and GAPDH to the
nucleus was analyzed by western blot. Briefly, after
treatment with GNPs (10 pM) and BSO (0.5 mM) for
48 h, cells were trypsinized, collected by centrifuga-
tion and washed with PBS. Cell pellets were resus-
pended in hypotonic buffer and incubated for 15 min
at 4 °C. Cells were permeabilized with detergent and
centrifuged (5 min, 13,000xg, 4 °C) and the super-
natants were removed (nonnucleic fraction). Pellets
were resuspended in lysis buffer, incubated for 30 min
at 4 °C, and centrifuged (10 min, 13,000x g, 4 °C).
The supernatants contain the nuclear proteins.

Statistical analysis

The statistical analysis was done using Student’s 7 test
with the SPSS 16.0 statistical program. p < 0.05 was
accepted as significant, and p < 0.01 was regarded as
highly significant.

Results

GNPs induce apoptosis and necrosis in lung cancer
cells with low intracellular GSH

We have previously shown that if the GSH level is low
in lung cancer cells, the GNPs can induce cell death
(Zhao et al. 2011). We further tested whether,
apoptosis and necrosis induction may contribute to
the cytotoxicity function of GNPs in cancer cells. The
ability of GNPs to induce apoptosis and necrosis in
A549 cells with low intracellular GSH was thus
evaluated by treatment of cells with GNPs (10 pM)
and BSO (0.5 mM) for 72 h. And the cells were
subsequently subjected to staining with annexin-V
FITC(A), propidium iodide (PI), and flow cytometry
analysis, in which A(—)/PI(—) cells are viable cells,
A(+4)/PI(—) are early apoptotic cells, A(+)/PI(+) are
late apoptotic cells (known also as secondary necro-
sis), and A(—)/PI(+) are necrotic cells (Huang et al.
2011). As shown in Fig. la, b, GNPs (10 pM) and
BSO (0.5 mM) treatment for 72 h caused 30.46 %
annexin V-positive cells as compared to controls,
which showed only 0.61 % annexin V-positive cells.
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The results suggest that GNPs can induce apoptosis in
lung cancer cells with low intracellular GSH. Annexin
V-FITC/PI double staining by FACS showed that the
population of A(—)/PI(+) stained cells, which usually
is considered as primary necrosis, was also increased
in BSO and GNPs-treated cells (Fig. 1a, c). The A(—)/
PI(4+) stained cells were detected at 8.39 % as
compared to controls showing 2.28 %. The population
of total PI positive cells, which comprises apoptosis
and necrosis, was also significantly increased in BSO
and GNPs-treated cells (Fig. 1a, d). In the presence of
BSO or GNPs themselves, no apparent apoptosis and
necrosis were observed (Fig. la—d). These results
suggest that GNPs induce not only apoptosis, but also
necrosis in A549 cells with low intracellular GSH.

GNPs induce actin depolymerization in lung
cancer cells with low intracellular GSH

Previously we reported that GNPs can change the cell
morphology, and induce cell death in lung cancer cells
with low intracellular GSH (Zhao et al. 2011). It is
well established that actin polymerization, which leads
to F-actin assembly, and depolymerization plays a
crucial role in cell morphological features. Alterations
in actin organization and dynamics also play a role in
apoptosis (Franklin-Tong and Gourlay 2008; Papad-
opoulou et al. 2008). In an attempt to explore the
molecular events in response to treatment with GNPs
in lung cancer cells with low intracellular GSH, the
formation of actin cytoskeleton in A549 cells was
assessed by staining with TRITC-phalloidin, which
specifically binds F-actin. As shown in Fig. 2, F-actin
assembly in A549 cells was disrupted by GNPs
(10 uM) and BSO (0.5 mM). In contrast, only in the
presence of GNPs or BSO themselves did not lead to
influence on F-actin structure in A549 cells. The
results indicate that GNPs can inhibit the actin
polymerize, and then induce apoptosis in A549 cells
with low intracellular GSH.

GNPs disrupt mitochondrial membrane potential
in lung cancer cells with low intracellular GSH

The damage of mitochondrial integrity and the
consequent loss of mitochondrial membrane potential
(AY,,) is an early event in the initiation and activation
of apoptotic and necrotic cascades (Landes and
Martinou 2011; Ni et al. 2012). To determine whether

GNPs induce mitochondrial disruption in A549 cells,
we examined the depolarization of mitochondrial
membrane by measuring the fluorescence remission
shift (red to green) of the AY,,, sensitive cationic JC-1
dye in A549 cells. Cells were treated with GNPs
(10 uM) and BSO (0.5 mM) for 48 h, and subse-
quently processed and stained with JC-1 dye and
analyzed by flow cytometry. GNPs and BSO treated
cells showed an increase in green/red fluorescence
intensity indicating increased mitochondrial mem-
brane depolarization (Fig. 3). The results indicate that
the induction of apoptosis and necrosis by GNPs in
lung cancer cells are closely associated with mito-
chondrial membrane disruption.

GNPs induce intracellular Ca®" elevation in lung
cancer cells with low intracellular GSH

Calcium overload can induce cell apoptosis and
necrosis (Rasola and Bernardi 2011; Santo-Domingo
and Demaurex 2010). Our results have shown that
GNPs disrupt mitochondrial function and induce
apoptosis and necrosis. To determine the role of
calcium signaling in GNPs-induced apoptosis and
necrosis, A549 cells were treated with GNPs (10 pM)
and BSO (0.5 mM) for 48 h. Subsequently, Ca>" was
measured with a calcium indicator dye, Fluo-3/AM.
We found that treatment with GNPs and BSO resulted
in an elevation of Ca®* in the cells (Fig. 4). The results
suggest that GNPs-induced apoptosis and necrosis
might be associated with its induction of Ca*"
elevation.

Histone H2AX is phosphorylated during GNPs-
induced apoptosis of lung cancer cells

One of the early steps in the cellular response to DNA
double-strand breaks (DSBs) is the phosphorylation of
serine-139 of H2AX, a subclass of eukaryotic histone
proteins that are part of the nucleoprotein structure
called chromatin. It has been previously reported that
the treatment of human cells with apoptosis-inducing
agents results in the phosphorylation of histone H2AX
during the initiation of DNA fragmentation (Burma
et al. 2001; Mukherjee et al. 2006). Using a fluores-
cently-labeled antibody specific for the phosphory-
lated form of H2AX (y-H2AX), discrete nuclear foci
can be visualized at the sites of DSBs. We attempted to
establish that GNPs (10 uM) and BSO (0.5 mM)
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Fig. 1 Flow cytometric analysis of cells stained with Annexin
V-FITC and PI. The A549 Cells were treated with GNPs
(10 uM), BSO (0.5 mM), GNPs (10 uM) + BSO (0.5 mM),
GNPs (10 uM) + BSO (0.5 mM) + zVAD-fmk (10 uM) or
GNPs (10 uM) + BSO (0.5 mM) + necrostatin-1 (Nec-1,20 pM)
for 72 h, and then harvested and processed by annexin V-FITC
and PI staining followed by flow cytometry analysis. a The

treatment of A549 cells results in the induction of
v-H2AX. A549 cells were treated with GNPs and BSO
and assayed 48 h later for H2AX phosphorylation by
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fluorescence pattern of annexin V-FITC and Pl-stained A549
cells after 72 h treatment. b Percentages of Annexin V positive
cells for different treatments. ¢ Percentages of PI positive and
annexin V negative cells. d Percentages of PI positive cells for
different treatments. Each bar represents the mean (£SD n = 3).
**p < 0.01, comparing with control. #p < 0.05, ##p < 0.001,
comparing with GNPs (10 uM) + BSO (0.5 mM)

immunofluorescence staining with Alexa Fluor 488
conjugate anti-y-H2AX antibody. As shown in Fig. 5,
the treatment of A549 cells with GNPs and BSO
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(a)

Fig. 2 Effect of GNPs on F-actin in A549 cells with low
intracellular GSH. The A549 cells were treated with control (a),
GNPs (10 uM) (b), BSO (0.5 mM) (¢) or GNPs (10 pM) + BSO
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Fig. 3 Effect of GNPs on mitochondrial membrane potential in
human A549 cells with low intracellular GSH. Cells were
treated with GNPs (10 uM), BSO (0.5 mM) or GNPs
(10 pM) 4+ BSO (0.5 mM) for 48 h, and then harvested and
processed by JC-1 staining followed by flow cytometry analysis.
Each bar represents the mean (+SD, n = 3). **p < 0.01,
comparing with control

(0.5 mM) (d) for 48 h. The F-actin was detected by TRITC—
phalloidin. Each group was tested in triplicate and the represen-
tative data are shown
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Fig. 4 Effect of GNPs on intracellular free Ca®* ([Ca®™i) in
AS549 cells. The A549 cells were treated with GNPs (10 uM),
BSO (0.5 mM) or GNPs (10 pM) + BSO (0.5 mM). After
48 h, cells were then harvested and stained with Fluo-3/AM.
The fluorescence intensity was determined with flow cytometry.
Each bar represents the mean (£SD) of triplicate determina-
tions. **p < 0.01 versus control
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Fig. 5 Histone H2AX DAPI

phosphorylation in GNPs-
treated A549 cells with low
intracellular GSH. A549
cells were treated with
GNPs (10 uM), BSO

(0.5 mM) or GNPs

(10 uM) + BSO (0.5 mM)
for 48 h, and
immunostained with anti-y-
H2AX antibody (green).
Nuclei were stained with
4,6-diamidino-2-
phenphenylindole (DAPI)
(blue). Each group was
tested in triplicate and the
representative data are
shown. (Color figure online)

Control

GNPs

BSO

GNPs+BSO

results in the phosphorylation of histone H2AX. The
results indicate that DSBs are involved in GNPs
induced cell apoptosis in lung cancer cells with low
intracellular GSH.

GNPs cause activation of caspase-3 in lung cancer
cells with low intracellular GSH

Detection of active caspase-3 in cells and tissues is an
important method for apoptosis induced by a wide
variety of apoptotic signals. Caspases are synthesized as
inactive precursors or zymogens, which are activated by
proteolytic cleavage to generate active enzymes that
may further proteolytically cleave other caspases or
cellular proteins. An active caspase consists of two large
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y-H2AX

Overly

and two small subunits that form two heterodimers that
associate in a tetramer. Activation of caspase-3 requires
proteolytic processing of its inactive zymogen into
activated pl7 and pl2 fragments (Mazumder et al.
2008; Nicotera 2002). To determine whether apoptosis
induced by GNPs was a mitochondria-dependent
caspase pathway, we examined the effects of the
activation of caspase-3 by flow cytometry using specific
antibodies that recognize the particularly cleaved and
activated form after GNPs (10 uM) and BSO (0.5 mM)
treatment. As shown in Fig. 6, increase in the cleaved
and activated form of caspase-3 was observed in the
treated cells as compared to the control cells. The results
indicate that caspase activation is involved in GNPs
induced cell apoptosis.



J Nanopart Res (2013) 15:1745

Page 9 of 14

|=control | sk
| O GNPs

|mBSO

| M GNPs+BSO|

Fluorescence intensity
O M O & ot @ = 0 D

Fig. 6 Effect of GNPs on caspase-3 activation in A549 cells
with low intracellular GSH. The A549 cells were treated with
GNPs (10 uM), BSO (0.5 mM) or GNPs (10 uM) + BSO
(0.5 mM) for 48 h. Cells were then harvested and stained with
cleaved caspase-3 (Aspl75) antibody (Alexa fluor 488 conju-
gate). The fluorescence intensity was determined with flow
cytometry. Each bar represents the mean (£SD) of triplicate
determinations. **p < 0.01 versus control

zVAD-fmk can not inhibit cell death induced
by GNPs in lung cancer cells with low intracellular
GSH

zVAD-fmk is a cell-permeant pan caspase inhibitor
that irreversibly binds to the catalytic site of caspase
proteases and can inhibit induction of apoptosis
(Weng et al. 2013; Zhang et al. 2012). To test if the
increase in caspase-3 activity was necessary to trigger
cell death, we employed the caspase inhibitor zVAD-
fmk. Cells were cultured with GNPs and BSO (with or
without zVAD-fmk at 10 puM) for 72 h. Then the cells
were collected and stained with Annexin V and PIL.
Figure 1 shows that zVAD-fmk (10 M) treatment
did not decrease cell death in GNPs-treated cells.
Furthermore, the cell death rate increased when cells
were treated with GNPs (10 pM) and BSO (0.5 mM),
in the presence of zZVAD-fmk (10 uM) simultaneously
compared with control (GNPs and BSO treated). The
PI positive cell increased from 33.87 % (without
zVAD-fmk) to 50.84 % (with zVAD-fmk). The
annexin V positive cells increased from 30.46 %
(without zVAD-fmk) to 37.15 % (with zVAD-fmk).
The results indicate that GNPs induce cell death with a
minor involvement of caspases.

GNPs induce ER stress in lung cancer cells
with low intracellular GSH

The endoplasmic reticulum (ER) is an essential site of
cellular homeostasis regulation, especially for the
unfolded protein response (UPR). ROS have been
reported to induce the UPR activation and ER stress

(Verfaillie et al. 2012). In our previous study, we
found that GNPs lead to an increase of intracellular
ROS levels in lung cancer cells with low intracellular
GSH. On the other hand, ER is main storage for
intracellular Ca®*, and stress can lead to the release of
Ca®" from its ER storage (Cao et al. 2013). We
hypothesized that ER stress might be induced by the
GNPs in A549 cells. To test this idea, we used western
blot to examine the protein levels of two ER stress-
responsive markers in the A549 cells. As depicted in
Fig. 7, western blot analysis demonstrated a robust
increase in the ER stress protein markers, including
CHOP/GADD153 and BiP/GRP78, when the cells
were treated with GNPs and BSO simultaneously.
These results indicate that the occurrence of ER stress
is involved in GNPs-induced cell death.

GNPs induced lung cancer cells apoptosis involves
AIF and EndoG proapoptotic factors working
independently of caspases

Apoptosis might proceed through the activation of
both caspase-dependent and -independent pathways.
The proapoptotic mitochondrial proteins AIF and
EndoG are well-described death effectors working
independently of caspases during cell death. On
apoptotic stimuli, AIF and EndoG translate from
mitochondria to the nucleus, inducing chromatin
condensation and DNA fragmentation (Schneiders
et al. 2009; Wang et al. 2012a, b). So the translocation
of AIF and EndoG to the nucleus was analyzed by
western blot. As shown in Fig. 8, the translocation of
AIF and EndoG to the nucleus was detected after
cotreatment of A549 cells with GNPs and BSO,

Control

| GNPs
BSO

' GNPs+BSO

CHOP

Bip |

=
]
]
=,
=

Fig. 7 Western blot analyses for levels of CHOP and Bip in
AS549 cells. The A549 cells were treated with GNPs (10 uM),
BSO (0.5 mM), or GNPs (10 pM) + BSO (0.5 mM) for 48 h.
Cell lysates were prepared from the treated cells, and western
blot analyses were performed. B-actin was used as control. Each
group was tested in triplicate and the representative data are
shown
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Fig. 8 Western blot analysis of nuclear fractions for AIF,
EndoG, and GAPDH. Histone H3 is shown as loading control.
The A549 cells were treated with GNPs (10 uM), BSO
(0.5 mM), or GNPs (10 uM) + BSO (0.5 mM) for 48 h. Cells
were then harvested and isolated the nuclei with nuclear extract
kit. Western blot analyses were subsequently performed. Each
group was tested in triplicate and the representative data are
shown

whereas, each treatment alone was not sufficient to
stimulate the translocation of AIF and EndoG to the
nucleus. These findings indicate that mitochondria-
released proapoptotic proteins, AIF, and EndoG, are
important factors in the GNPs-induced lung cancer
cell apoptosis.

GNPs induced lung cancer cells apoptosis involves
GAPDH

Glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH) is an enzyme of glycolysis, and it is usually
located in the cytosol. During apoptotic cell death,
GAPDH translocates to the nucleus in a number of cell
systems (Hara et al. 2005; Kim et al. 2009). GAPDH is
a redox-sensitive enzyme and oxidative stress can
stimulate its nuclear translocation (Dando et al. 2013).
In our study, analysis of nuclear fractions revealed an
accumulation of GAPDH in the nuclear fraction of
GNPs and BSO cotreatment cells (Fig. 8), indicating
that GAPDH nuclear accumulation is another factor in
the GNPs-induced lung cancer cell apoptosis.

Effect of GNPs on expression of Bcl-2, p53, Bax,
and Puma

To elucidate the molecular mechanisms involved in

the observed apoptosis alterations, we investigated the
effect of GNPs on the expression of proteins important
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Fig. 9 Western blot analyses for levels of Bcl-2, p53, Bax, and
Puma in A549 cells. The A549 cells were treated with GNPs
(10 pM), BSO (0.5 mM) or GNPs (10 uM) + BSO (0.5 mM)
for 48 h. Cell lysates were prepared from the treated cells, and
western blot analyses were performed. B-actin was used as
control. Each group was tested in triplicate and the represen-
tative data are shown

for mitochondria mediated apoptosis. As shown in
Fig. 9, the expression of Bcl-2 was found to be
reduced in the cells with the cotreatment of GNPs
(10 pM) and BSO (0.5 mM). In contrast, treating
A549 cells with GNPs and BSO strongly induced the
expression of p53, Bax, and PUMA.

Necrostatin-1 inhibits necrosis induced by GNPs
in lung cancer cells with low intracellular GSH

Caspase inhibition sometimes shifts apoptosis to
necrosis or enhances necrosis. Necrotic cell death is
currently recognized to proceed in a programmed
manner. Interruption of the signal transduction can
reduce cell damage. An inhibitor, Nec-1, can attenuate
the occurrence of necrotic cell death (Ma et al. 2011;
Trichonas et al. 2010). Cell necrosis leads to the loss of
membrane integrity and allows PI to diffuse into cells.
Relative cell viability can thus be analyzed via the
level of PI uptake. Nec-1 was therefore used to verify
the damaging effect. As shown in Fig. 1, treatment
with Nec-1 (20 uM) significantly suppressed the
appearance of PI positive cells in GNPs and BSO
treated cells, and Nec-1 also slightly affected Annexin
V-positive cells. The PI positive cells decreased from
33.87to 7.26 % (with Nec-1). The annexin V positive
cells decreased from 30.46 to 19.23 % (with Nec-1).
The results indicate that necrosis is an important death
pathway of GNPs induced cell death in lung cancer
cells with low intracellular GSH.
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Discussion

Gold nanoparticles (13 nm) have been previously
shown to induce cell death by ROS generation in A549
cells with low intracellular GSH. At higher concen-
trations, ROS often cause cellular damage, such as ER
stress and mitochondrial dysfunction, and then lead to
cell death, including apoptosis and necrosis (Basu
et al. 2012; Hahm et al. 2011; Steinbrenner and Sies
2009; Verfaillie et al. 2012). In this study, we analyzed
the mechanisms involved in GNPs-induced cell death
in lung cancer cells with low intracellular GSH.
Changes in actin cytoskeleton dynamics have
proved to be crucial for apoptosis. The F-actin
depolymerizing agent cytochalasin D rapidly induced
the release of cytochrome ¢ from mitochondria and
caspase activation (Franklin-Tong and Gourlay 2008;
Papadopoulou et al. 2008; Paul et al. 2002). Mito-
chondria play a central role in the life and death of cells.
They are not merely the centre for energy metabolism,
but are also the headquarters for different catabolic and
anabolic processes, calcium fluxes, and various sig-
nalling pathways. Mitochondria maintain homeostasis
in the cell by interacting with reactive oxygen—nitrogen
species and responding adequately to different stimuli
(Landes and Martinou 2011; Ni et al. 2012). Ca’tis
used by cells as a second messenger required for most
biological processes, including proliferation, gene
transcription, post-translational modification of pro-
teins, and aerobic metabolism. To exquisitely control
and orchestrate this variety of routines, it is mandatory
that cells maintain a very low cytosolic Ca®" concen-
tration. Mitochondria can be considered as a firewall
that controls the Ca>* concentration in the cell and in
cytoplasmic microdomains by tuning the frequency of
oscillatory Ca®" signals, and by blunting the spread of
cytosolic Ca®" waves. This allows cells to cope with
potentially lethal Ca** loads, which would rapidly
activate a variety of degradative enzymes in an
uncontrolled fashion (Rasola and Bernardi 2011;
Santo-Domingo and Demaurex 2010). Alteration of
the ER homeostasis in cancer cells could also be a
signal for apoptotic program activation (Pierre et al.
2013). The ER is the major intracellular Ca®" stores of
cells. Upon exposure to ER stress, Ca®* can bereleased
from ER to cytoplasm. The accumulation of calcium in
the cytoplasm and uptake by the mitochondria causes
mitochondria fragmentation, triggering cytochrome
c release, and thus initiating apoptotic pathway (Wang

et al. 2012a). A critical process in apoptosis is the
activation of a family of cysteine proteases, termed
caspases. Two overlapping caspase-dependent apop-
totic pathways have been identified: the death receptor
pathway (extrinsic pathway) and the mitochondrial
pathway (intrinsic pathway). Both of these pathways
converge on caspase-3 activation, eventually resulting
in DNA fragmentation (Sayers 2011; Spencer and
Sorger 2011). In this study, the activated caspase-
dependent apoptosis was detected by measuring the
cleaved caspase-3 in GNPs and BSO treated cells by
flow cytometry. This observation was consistent with
the finding that GNPs induced F-actin disruption, loss
of mitochondrial membrane potential, calcium over-
load, and ER stress. However, the pan caspase inhibitor
zVAD-fmk failed to block GNPs-induced cell death as
ascertained by annexin v-FITC/PI binding studies. The
results indicate that caspase-dependent apoptosis is not
the major death pathway induced by GNPs in A549
cells with low intracellular GSH.

DNA DSBs are probably the most dangerous of the
many different types of DNA damage that occur
within the cell. DSBs are generated by exogenous
agents, such as ionizing radiation or by endogenously
generated ROS. When exposed to excessive amounts
of DNA DSBs that overwhelm their repair machinery,
cells will undergo apoptosis (Burma et al. 2001;
Sorrells et al. 2012). Within the present study, DNA
DSBs were observed in lung cancer cells with low
intracellular GSH incubated with GNPs. DNA frag-
mentation can also occur through the mitochondrial
death effector proteins AIF and EndoG. Under some
cytotoxic stimuli, both AIF and EndoG are released
from the mitochondria and translocated to the nucleus,
where they cause DNA fragmentation and caspase-
independent apoptosis (Van Loo et al. 2001; Norberg
et al. 2010; Saelens et al. 2004; Schneiders et al. 2009;
Wang et al. 2012b). In this study, GNPs triggered the
translocation of AIF and EndoG to the nucleus. This
observation was consistent with the finding that GNPs
induced mitochondrial membrane disruption and
double stranded DNA breaks. Caspase-independent
apoptosis can also be initiated by translocation of
glycolytic enzyme GAPDH from the cytoplasm to the
nucleus. In the nucleus, GAPDH stabilizes the rapidly
turning over Siahl, enhancing its E3 ubiquitin ligase
activity, and causes cell death (Hara et al. 2005; Kim
et al. 2009). In this study, GAPDH translocated into
the nucleus of the cells after GNPs and BSO treatment.
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Thus, in the lung cancer cells A549 with low
intracellular GSH, GNPs activate caspase-indepen-
dent cell apoptosis.

The tumor suppressor p53 is a well known regulator
of cell division and apoptosis. p53 can mediates cell
apoptosis by induction of pro-apoptotic proteins
belonging to the Bcl-2 family, such as Bax and
PUMA. p53 has also been shown to promote the
release of AIF and EndoG from mitochondria. The
disequilibrium caused by either upregulation of proa-
poptotic Bcl-2 family proteins or downregulation of
antiapoptotic Bcl-2 family proteins may result in the
release of cytochrome c¢, AIF, and EndoG from
mitochondria. Cytochrome c can activate the caspases
and mediate the caspase-dependent apoptosis, while
AIF and EndoG trigger cell apoptosis through direct
DNA cleavage (Hu et al. 2013; Wang et al. 2012b;
Jung et al. 2012). In this study, up-regulation of p53,
Bax, and PUMA expression and down-regulation of
Bcl-2 expression, are correlated with mitochondrial
membrane depolarization, caspase-3 activation and
translocation of AIF and EndoG to the nucleus.

Necrosis has been considered a passive, unregu-
lated form of cell death; however, recent evidence
indicates that some necrosis can be induced by
regulated signal transduction pathways, such as those
mediated by receptor interacting protein Kkinases,
especially in conditions, in which caspases are inhib-
ited or cannot be activated efficiently. Both apoptosis
and necrosis were observed simultaneously in a wide
array of animal and human pathologies, suggesting
that apoptosis and necrosis are interconnected, and not
entirely separated, events. Caspase inhibition, which
distinguishes apoptotic and nonapoptotic cell death,
sometimes shifts apoptosis to necrosis or enhances
necrosis (Zhang et al. 2009; Trichonas et al. 2010).
Our observation that zZVAD-fmk did not inhibit, but
rather enhanced GNPs-induced cell death in lung
cancer cells with low intracellular GSH. Nec-1 has
been reported to inhibit caspase-independent necrotic
cell death by inhibiting RIP1 kinase. Nec-1 treatment
effectively suppresses GNPs-induced cell death in
lung cancer cells with low intracellular GSH. These
findings suggest that necrosis is an essential mecha-
nism of GNPs-induced cell death.
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