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Environmental significance

Graphene oxide antagonizes the toxic response to
arsenic via activation of protective autophagy and
suppression of the arsenic-binding protein LEC-1
in Caenorhabditis elegans+t

Hui Dai, @°2° Yun Liu,? Jingjing Wang, ©2° Yaguang Nie,? Yuxiang Sun,?
Mudi Wang,?® Dayan Wang,?® Zhen Yang,® Lei Cheng,®® Juan Wang,? Jian Weng,®
Qiuguan Wang, @9 Fangyue Wang," Lijun Wu,?* Guoping Zhao® and An Xu*°

Arsenic (As) pollution is a serious global problem and various technologies have been developed for As de-
toxification. Graphene oxide (GO) with its extraordinary structure and physicochemical properties has an
excellent capability for the removal of As from contaminated water; however, the influence of GO on the
toxic response to As(in), a well-established human carcinogen, is largely unknown. In the present study,
Caenorhabditis elegans (C. elegans) was used as an in vivo model to clarify the role of GO at a non-toxic
concentration in the toxic response to As(i) and its underlying molecular mechanisms. Our data showed
that GO, irrespective of pretreatment or concurrent treatment with As(in), significantly blocked the toxic re-
sponse to As(i). GO not only absorbed As(in), but also triggered protective autophagy, leading to efficient
inhibition of oxidative stress, a major contributing factor in As(i) toxicity. Using laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) and loss-of-function mutants, our data further showed
that GO accelerated the excretion of As(i) from nematodes by suppressing the expression of As(ii)-binding
proteins LEC-1. Our data provided clear evidence that along with adsorption, the beneficial effects of GO
in reducing As(in)-induced toxicity in vivo were mainly through protective autophagy coupled with
downregulation of arsenic target protein expression, which might reveal new insights into the potential ap-
plication of GO in water treatment and ecological risk assessment.

Arsenic (As) pollution is a severe global problem nowadays. GO has been considered a promising nanomaterial for the removal of As in water treatment.
We found that in addition to adsorption, GO reduced the toxicity of As(m) from two other aspects in living organisms. First, GO stimulated genuine
autophagy to protect C. elegans from As(m)-induced oxidative stress and reproductive toxicity. Second, GO accelerated the excretion of As(m) by
downregulating the expression of an As(m) binding protein LEC-1. Our data provide important information on a novel self-protection mechanism activated
by nanomaterials in organisms to combat pollutant toxicity.

Introduction

The International Agency for Research on Cancer (IARC) has
classified As and As compounds as carcinogenic agents to

Arsenic (As) is one of the most toxic metals derived from nat-
ural sources, mine effluents, and anthropogenic activities.*
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worldwide are chronically exposed to As at concentrations
much higher than the guideline value (100 ug L™ or greater)
through contaminated drinking water, especially in West
Bengal, Bangladesh, Thailand, Inner Mongolia, Taiwan,
China, Mexico, Argentina, Chile, Finland, and Hungary.®> The
present available removal technologies for As include oxida-
tion, phytoremediation, coagulation-flocculation, adsorption,
ion exchange, electrokinetics and membrane technology.*”
However, these technologies have some drawbacks and their
by-products can be potential sources for secondary As pollu-
tion. Therefore, there is an urgent need for developing low-
cost, efficient, and environmentally friendly adsorbents for
As removal and As detoxication in vivo.

Graphene oxide (GO) chemically exfoliated from oxidized
graphite has been extensively explored as one of the most
promising nanomaterials for application in environmental re-
mediation and water purification.® GO consists of a layer
with a m-conjugated structure of randomly distributed
unoxidized aromatic regions and six-member aliphatic re-
gions.” Abundant oxygenated functional groups, including
hydroxyl (-OH), phenolic, epoxy (C-O-C), and carboxyl (-
COOH), are available on the basal plane and sheet edges,
which makes GO highly hydrophilic and stably dispersible in
water. These extraordinary structural and physicochemical
properties provide GO with an excellent capability to adsorb
a broad range of organic and inorganic substances, such as
small molecule drugs,® metal ions,*® and organic com-
pounds,® via hydrogen bonds and anion-n and electrostatic
interactions. The positive charges on GO in acidic media
showed high electrostatic interactions with inorganic As spe-
cies.""'*> Moreover, GO has proved to be a good candidate to
support nanomaterial immobilization, which enables com-
bined and synergistic actions that are highly desired for ad-
vance adsorption performance. A series of iron-decorated GO
composites have been developed to significantly enhance As
adsorption from contaminated water,">™* and these compos-
ites can be extracted rapidly by external magnetic fields with-
out the need for filtration, centrifugation, and vacuum
pumps."’ Nanoparticles can adsorb biomolecules and travel
to almost every location with organisms, the interactions be-
tween nanoparticles and organisms mediated by what ad-
sorbs to the nanoparticle.’®"® Considering that As is highly
toxic and low doses of GO may be environmentally safe, a
comprehensive assessment on the synergistic/antagonistic
toxicity of GO and As should be carried out as an integral
part of GO application in water purification. However, the in-
fluence of GO on the fate and transformation of and toxic re-
sponse to As is largely unknown, and is of critical importance
to understand its environmental and health impact.

Although the toxic effects of As(m) or GO alone have
been well investigated both in vitro and in vivo, there is lit-
tle available evidence to illustrate the combined effects of
GO and As(m) and their underlying mechanisms are largely
unknown. The phytotoxicity of As(v) in wheat was greatly
amplified by GO, leading to a decrease in biomass and root
number and increased oxidative stress.'” GO at nontoxic
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concentrations increased the toxicity of As(m) by damaging
the plasma membrane structure and fluidity in human hep-
atoma cells.”® However, in contrast to these synergistic in-
teractions, our previous study showed that GO pretreatment
induced genuine autophagy in human-hamster hybrid cells,
which inhibited the cytotoxicity and genotoxicity of poly-
chlorinated biphenyls (PCBs).”’ These inconsistent observa-
tions may be a result of GO with different physicochemical
properties, including surface area, layer number, lateral di-
mension, surface chemistry, and purity, the complicated
interaction between GO and pollutants under different con-
ditions, and the nature of the biological model system
used. Therefore, it is necessary to evaluate the interaction
between GO and As(m) and their toxic responses in vivo,
which may provide essential information for better under-
standing the application of GO in purifying As(m)-
contaminated water and the potential long-term health and
ecological risks.

Among animal models, Caenorhabditis elegans (C.
elegans) has emerged as a powerful genetic model in multi-
ple fields of biomedical and environmental toxicology be-
cause of its tractable and fully sequenced genome, the
availability of thousands of mutants, and its ability to ma-
nipulate genes and their expression through transgenic ap-
proaches and RNAi techniques.”*>* As a nematode, C.
elegans represents organisms that are ubiquitously present
in the ecosystem and has been well-documented in the in-
vestigation of the toxicity and toxicological mechanisms of
various heavy metals and nanoparticles.”>*® Trivalent arse-
nic (As(m)) and pentavalent arsenic (As(v)) are the two main
valence states of As in nature. As(m) has been reported to
be more mobile and approximately 60 times more toxic
than As(v).”” Using C. elegans as an in vivo assay system,
the present study focused on clarifying the protective role
of GO in decreasing As(m)-induced toxicity and the underly-
ing molecular mechanisms. To determine the influence of
GO on As(m) toxicity, the nematodes were exposed to GO
and As(m) in different ways. The presence of GO
irrespective of pretreatment or concurrent treatment with
As(m) significantly blocked the toxic response to As(ur). In
addition to adsorption, GO stimulated genuine autophagy
to protect C. elegans from As(m)-induced oxidative stress
and reproductive toxicity. Moreover, GO suppressed the ex-
pression of the As(m)-binding protein LEC-1 and accelerated
the clearance of As(m) accumulated in C. elegans. Our data
provide basic information on a novel self-protection mecha-
nism activated by nanomaterials in organisms to combat
pollutant toxicity.

Materials and methods

Preparation of GO and characterization of the
physicochemical interaction between GO and As(m)

GO materials were synthesized from graphite by the modified
Hummers method.*® Briefly, graphite (2 g, purchased from
Qingdao BCSM. Co., Ltd. China) and sodium nitrate (1 g)
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were dispersed in H,SO, (50 mL) in ice and KMnO, (7 g)
was further added. After oxidation, the samples were
washed, filtered, and centrifuged three times. Thereafter, the
dry GO powder was collected by freeze-drying. The concen-
tration of the GO solution was adjusted to 1 mg mL ™" with
sterile water, followed by placing it in a bath sonicator for 4
h with a 100 Hz, 200 W ultrasonic cleaner (KunShan,
JiangSu, China), with water changed every hour. The sam-
ples were then centrifuged for 30 min at 2000 x g
(multispeed centrifugation, Thermo, CL31R, Waltham, MA,
USA) and the supernatant was collected. This procedure was
repeated twice. The prepared GO samples were named as
larger-sized GO samples (L-GO). Afterward, L-GO was used
as a substrate for preparing intermediate-sized GO (I-GO)
and smaller-sized GO (S-GO) particles. I-GO and S-GO were
prepared through probe sonication (ultrasonic cell disrupter,
Sciencent Z. JY G2-HNNingbo, China) with cycles of 15 s
work and 15 s rest at an ultrasonic power of 65 w in ice for
10 min (I-GO) and 30 min (S-GO). For GO mass quantifica-
tion, the gradient dilution method was used to prepare a
standard curve by ultraviolet spectrophotometry (Shimadzu,
UV-3600, Kyoto, Japan).

Atomic force microscopy (AFM) samples were prepared by
depositing the dispersion on mica substrates and then dried
at room temperature, using a DI MultiMode V scanning
probe microscope (MultiMode V, Bruker). Transmission
electron microscopy (TEM) analysis of GO was performed
using an H-7650 transmission electron microscope (Hitachi
Scientific Instruments, Japan). The TEM samples were pre-
pared by depositing a small drop of the solution onto a
carbon-coated copper electron microscopy grid. The surface
charge of the samples, either suspended in Milli-Q water
(Millipore, 18 MQ cm) or in K-medium (32 mM KCI and 51
mM NaCl), was analyzed using a Zetasizer (Malvern Nano se-
ries, Malvern, U.K.). A Raman spectrometer (Renishaw, UK)
with a 514 nm laser was employed to analyze the structure of
GO. The FTIR spectra of the GO materials were recorded on a
Nicolet 6700 FTIR spectrophotometer (Thermo Fisher Scien-
tific Inc., USA) using the KBr pellet method. The GO samples
were deposited onto silicon wafers and air-dried, and the sili-
con wafers were then subjected to X-ray photoelectron
spectroscopy.

The morphology of GO or the mixture of GO and As(m) in
Milli-Q water was determined by TEM to evaluate the mor-
phological changes. The selected area electron diffraction
(SAED, JEOL 2100 HT, JEOL, Tokyo, Japan) pattern revealed
the disordered nature of GO. An energy dispersive X-ray
spectrometer (EDX JEOL, 2100 HT, JEOL, Tokyo, Japan) was
used for the qualitative analysis of elements on the surface of
GO samples.

C. elegans strains and maintenance

All worm strains were maintained on nematode growth me-
dium (NGM) plates seeded with Escherichia coli (E. coli) OP50
at 20 °C, according to standard protocols.>® The wild type
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strain used was Bristol N2. The following strains were pro-
vided by the Caenorhabditis elegans Genetics Centre (CGC):
N2, rpl-43 (bp399), mev-1(kn 1) and lec-1(0k1597).

Preparation of GO dispersion and As(m) solution and worm
exposure

GO samples were suspended in Milli-Q water to obtain a
stock solution of 1.0 g L™" and were then briefly sonicated (40
kHz) for 20 min before use. We obtained sodium arsenite
(NaAsO,, hereafter simply referred to as As(ur); 99.5% purity;
GR, 100041) from Chengdu Aikeda Chemical Reagent Co.,
Ltd., Chengdu, China) to prepare the As(u) stock solutions
and stored the stock solutions in the dark at 4 °C until usage.
Different working concentrations were prepared by diluting
the stock solutions with K-medium. The worms were cultured
for 48 h, which were then treated singly or co-treated with
varying concentrations of GO (10 ug mL™") or As(m) (1, 5, and
10 uM) and incubated for 24 h. For adsorption experiments,
we prepared all exposure media 24 h prior to use to allow the
adsorption of As(m) on GO to reach equilibrium.

Toxicity assays

The toxicity was assessed by means of the endpoints of
germline apoptosis, the brood size, and the number of oo-
cytes. Apoptotic germ cells were measured using Acridine or-
ange (AO, Molecular Probes, Eugene, OR) vital staining as de-
scribed previously.®® Briefly, synchronized worms at the L4
stage of development were exposed to graded concentrations
of working solutions for 24 h; adult worms were then placed
into 200 uL of 75 ug mL™" AO and OP50. After 60 min of incu-
bation at 20 °C, worms were allowed to recover for 60 min on
an NGM plate to clear the excess AO from their intestines.
The worms were then immobilized using sodium azide
(NaN3) and fluorescent staining was observed under an Olym-
pus IX71 microscope (Olympus, Tokyo, Japan). The apoptotic
cells appeared yellow-green after AO staining, representing
increased DNA fragmentation, whereas intact cells were uni-
formly green. The brood size was determined by placing sin-
gle worms onto individual plates, the PO nematode trans-
ferred to a new plate everyday. The number of hatched
progeny was counted the day following transfer.>’ The oo-
cytes were mounted onto agar pads on microscope slides in 5
M NaN; in M9 buffer, after which the number of oocytes lo-
cated from the spermatheca to the gonad loop per gonad
arm of a nematode was counted under an optical
microscope.

As(m) accumulation and mapping in C. elegans

An inductively coupled plasma atomic fluorescence spectro-
meter (ICP-AFS) was used to monitor the cellular As(m) con-
tent. The worms were exposed to graded doses of As(m) or co-
exposed to graded doses of GO and As(m) for 24 h. After treat-
ment, 5 mg of dry worms were placed in an Erlenmeyer flask,
and 5 mL 75% HNO; was added. After predigestion at room
temperature for approximately 12 h, the flask was heated at
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150 °C on an electric hot stainless-steel plate, until the solu-
tion changed from chartreuse to clear. All digestive solutions
were quantitatively transferred to 5 mL polypropylene centri-
fuge tubes with Milli-Q water, and brought to a final volume.
These were then subjected to ICP-AFS (Optima 7300 DV) for
total As(m) detection.

LA-ICP-MS was applied to study the uptake and accumula-
tion of As(m) in C. elegans. The L4 worms were washed after
incubation and suspended in Milli-Q water. This solution
was dropped onto microscopic slides and the collected
worms oven-dried at 60 °C overnight in order to obtain sin-
gle, separated worms at a constant weight.*>** Bioimaging
tests were performed at the Ore Deposit and Exploration Cen-
tre (ODEC), using a laser ablation system (Photon Machines
Analyte HE with a 193 nm ArF Excimer), coupled to a
quadrupole-based inductively coupled plasma-mass spectro-
meter (ICP-MS) (Agilent 7900). Analyte HE utilizes a two-
volume ablation cell designed by Laurin Technic Pty. Abla-
tion was performed in an atmosphere of UHP He (0.9 min™"),
and upon exiting the cell the aerosol was mixed with Ar
(0.87 1 min™") immediately after the ablation cell via a
T-connector before entering the ICP. The ICP-MS system was
optimized daily to maximize the sensitivity to isotopes of the
mass range of interest, while maintaining the lowest possible
production of molecular oxide species (i.e., 232Th160/
232Th), usually <0.2%. Elemental maps were created by ab-
lating sets of parallel line rasters in a grid across the sample.
A beam size of 8 um and a scan speed of 8 um s~ were cho-
sen in this study. A laser repetition of 10 Hz was selected at a
constant energy output of 80 m], resulting in an energy den-
sity of ~2 J cm™ at the target. A 20 s background acquisition
was acquired at the beginning of scanning, and a delay of 20
s was used after ablation to allow for cell wash-out, gas stabi-
lization, and computer processing. Reference materials
(NIST-610 or GSE-1G) at the start and end of each mapping
were analyzed for data calibration. Images were compiled
and processed using the program LalcpMsSoftWare2.2 (in-
house designed mapping reduction software based on
MATLAB). For each raster and every element, the average
background was subtracted from its corresponding raster,
and the rasters were compiled into a 2-D image displaying
the combined background/drift corrected intensity for each
element.

Reverse-transcription and quantitative real-time polymerase
chain reaction (QRT-PCR) assay

Total RNA was extracted and reverse-transcribed using a
Takara RNA Kit (Takara Bio., Japan). After cDNA synthesis,
RT-PCR was performed using an SYBR Green qPCR mix (Ap-
plied Biosystems, USA) on an ABI Step-one Plus RT-PCR sys-
tem (Applied Biosystems). The final results were expressed as
the relative expression ratio between the targeted gene and
the reference act-1 gene. All reactions were performed in trip-
licate. The primers used for the PCR reactions are listed in
ESIt Table S1.
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RNA interference (RNAi)

RNAi was carried out following standard procedures.
Briefly, bacteria expressing doubled-stranded RNA to a spe-
cific worm gene were grown on NGM plates containing 25 g
mL™" carbenicillin and isopropyl 1-thio-B-p-galactopyranoside
(IPTG, 1 mM). Larvae at the L1 stage of development were
placed on the RNAi-feeding bacterial plates and allowed to
develop to the L4 stage. The empty vector L4440 was used as
the negative control in all RNAi experiments, and a unc-15
RNAi clone was included in the experiments as the positive
control.

Mitochondrial membrane potential assay

The fluorescent probe JC-1 (purchased from Sigma-Aldrich,
Shanghai, China) was used to determine the mitochondrial
membrane potential as described.*® JC-1 was dissolved in
DMSO and then added to M9 buffer containing young adult
worms. The worms were incubated with the dye for 2 h at 20
°C and then transferred to NGM plates. The stained worms
were paralyzed using levamisole (Sigma) and observed under
an LSM 710 laser scanning confocal microscope (Carl Zeiss,
Inc., Germany). The intensity of red- or green-channel fluo-
rescence for mitochondria was measured using Zen 2010
light edition (Carl Zeiss, Inc., Germany), and the red:green
ratio was calculated. At least 20 worms were viewed for each
treatment and three replicates were performed.

Reactive oxygen species (ROS) detection

The ROS assay was performed using 5',6'-chloromethyl-2’,7'-
dichlorodihydro-fluorescein diacetate (CM-H,DCFDA, Sigma-
Aldrich, Shanghai, China), based on a previously described
method.*® After exposure, the worms were transferred to M9
buffer containing 1 uM CM-H,DCFDA, incubated for 2 h at
20 °C in the dark without addition of food and were viewed
by laser scanning confocal microscopy at a 488 nm excitation
wavelength and with a 517-530 nm emission filter (Carl
Zeiss, Inc., Germany). The relative fluorescence intensity of
the intestine was semi-quantified, expressed as relative fluo-
rescence units (RFU). At least 20 worms were viewed for each
treatment and three replicates were performed.

Statistical analysis

All treatments included three replicates. All data are shown
as the mean + standard deviation and were analyzed by t-test
and one-way analysis of variance (ANOVA). P < 0.05 was con-
sidered statistically significant. The relative fluorescence
from the fluorescence images was determined metrically
using Image-Pro Plus, version 6.0.

Results

Physicochemical characterization of GO with various sizes

The morphology of GO samples with different lateral sizes
was visualized by AFM. As shown in Fig. 1A, the average
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Fig. 1 Characterization of GO samples. (A) Representative AFM topography of S-GO, I-GO, and L-GO. (B) Representative TEM images of S-GO, I-
GO, and L-GO. (C) Histogram of GO size distribution developed by counting 100 sheets for each sample, with Gaussian fit curves in each histo-
gram. (D) Zeta potential of S-GO, I-GO, and L-GO in Milli-Q water and K-medium (n = 3). (E) Raman spectra and curve fitting of D and G bands. (F)
Identification of functional groups on the GO surface using FTIR spectroscopy (range: 4000-400 cm™). (G) Characterization of the surface compo-
sition of GO samples using XPS.
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thickness was approximately 1.0 nm in topographic height
for all samples, suggesting that they were composed of
single-layered graphene sheets.*” The difference in lateral
size among the GO samples was confirmed by TEM (Fig. 1B).
Size distribution analysis showed that most GO sheets ranged
from 50-350 nm for S-GO (smallest), from 250-850 nm for
I-GO (intermediate), and from 650-1050 nm for L-GO (larg-
est) (Fig. 1C). To ensure that the sample preparation pro-
cesses did not alter physicochemical properties other than
lateral size, we performed detailed physiochemical characteri-
zation for these GO samples. Surface charge was analyzed by
zeta-potential assessment. As shown in Fig. 1D, these GO
samples were similarly negatively charged when suspended
either in Milli-Q water or in K-medium. The ultraviolet-visible
(Uv-vis) spectra showed an adsorption peak at 227 nm for all
these samples (Fig. S17), which was similar to the reported
feature in the range of 227-231 nm for GO.*® Furthermore,
upon Raman spectrometry with a 514 nm laser employed to

A
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analyze the structure of GO, the D peak at 1348 cm ™" and the
G peak at 1599 cm™" representing the two typical peaks of GO
were observed for all GO sheets (Fig. 1E). Additionally, Fou-
rier transform infrared (FTIR) spectroscopy was employed for
identifying the presence of functional groups on the surface
of GO sheets. The spectrum was obtained from 4000 to 400
cm™ using FTIR, and the peaks at 3352 cm™* and 1627 cm ™
were attributed to residual O-H stretching vibration, whereas
bands denoting C-O and C=0O0 stretching of the COOH group
were located at 1034 cm™* and 1150 cm . Meanwhile, the
C=0 vibration band was identified at 1160 cm ', and the
band corresponding to the C=—O stretching vibration of
COOH was located at 1710 ecm™'. Furthermore, bands repre-
sentative of C-H stretching were recognized at 3000-2900
em™ (Fig. 1F). In Fig. 1G, X-ray photoelectron spectroscopy
(XPS) displayed similar profiles for all GO sheets, with char-
acteristic peaks at 284.8, 286, 286.5, and 288.8 eV,
representing the C-C/C=C, C-OH, C=—O0, and O—C-OH
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Fig. 2 Combined toxicity of GO and As(i). (A) Three GO samples (10 ng mL™) with distinct lateral sizes of particles were incubated with As(in) (1, 5,
and 10 uM) for 24 h, and then the worms were treated with the mixture for another 24 h. Effect of co-exposure to L-GO and As(i) on the (B) total
brood size and (C) oocytes of worms. Results are means * S.D. of triplicate values (n = 3) from three experiments.
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groups, respectively. Taken together, these characterization
data revealed that S-GO, I-GO, and L-GO samples showed
comparable physicochemical properties except for lateral size
differences.

Effect of lateral size on As(m) toxicity with or without GO

As shown in Fig. S2A,f S-GO, I-GO, and L-GO at concentra-
tions ranging from 0 to 10 ug mL™" essentially had no effect
on germline apoptosis in C. elegans. In contrast, a
concentration-dependent increase in germline apoptosis at
the meiotic zone of the gonad of C. elegans exposed to As(m)
was observed. A significant increase in germline apoptosis
over the background level was observed in C. elegans exposed
to As(m) at concentrations >1 pM (P < 0.05) (Fig. S2Bt). In
the present study, the non-toxic concentration of GO, 10 ug
mL ™", was used to eliminate its toxic effect on C. elegans con-
currently exposed to As(ur).

To investigate the influence of GO on As(m) toxicity, S-GO,
I-GO, and L-GO were incubated with As(m) (1 pM, 5 uM,
and10 puM) for 24 h in vitro, and the nematodes were then ex-
posed to the mixture of GO and As(m) for another 24 h. As
shown in Fig. 2A, germline apoptosis was increased from the
background level of 2.55 + 0.14 to 3.6+ 0.19, 3.92+ 0.02, and
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4.65 + 0.08 when the As(u) concentrations were 1 uM, 5 uM,
and 10 uM, respectively. However, the germline apoptosis in-
duced by As(m) at the concentrations of 1 uM, 5 uM, and 10
uM could be reduced by the presence of S-GO, I-GO, and
L-GO. In particular, L-GO at 10 pg mL™ significantly
inhibited germline apoptosis from 3.6 + 0.19 to 2.765 + 0.09,
3.92 + 0.02 to 2.795 + 0.008, and 4.65 + 0.08 to 2.865 + 0.21 at
As(m) concentrations of 1 uM, 5 uM, and 10 uM, respectively
(P < 0.05).

To confirm these observations, the brood size and number
of oocytes per gonad, which are two essential indicators for
reproductive toxicity, were determined in C. elegans concur-
rently exposed to L-GO and As(m). As shown in Fig. 2B and C,
the presence of L-GO could dramatically increase the brood
size and the number of oocytes in C. elegans exposed to As(im)
(1 uM, 5 uM, and 10 uM). These results indicated that con-
current exposure of L-GO with As(m) could dramatically de-
crease the reproductive toxicity of As(m) in C. elegans.

Physicochemical interaction between GO and As(m) and
toxicity of adsorbed As(u)

As shown in Fig. 3A, As(m) had a slight influence on the mor-
phology of L-GO as observed by TEM, whereas the SAED
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patterns showed that the clear diffraction dots of L-GO
disappeared in the presence of As(m), indicating that As(m)
also altered the crystal structure of L-GO. EDX showed the
presence of As(m) element on L-GO, whereas no As(m) peaks
were observed in the L-GO-free regions. High-performance
liquid chromatography-inductive coupled atomic fluores-
cence spectrometry (HPLC-AFS) analysis revealed no chemical
form changes of As(m) in the presence of GO, irrespective of
examination in K-medium, nematodes and the metabolites
exposed to As(ur) (Fig. 3B).

To determine the toxicity of As(i) adsorbed on GO and the
As(m) residue in the medium, L-GO at 10 ug mL™ was incu-
bated with 1 pM, 5 uM, and 10 uM As(m) for 24 h and the mix-
ture was then centrifuged at 24 000 rpm. As shown in Fig. 3C-
a, the amount of elemental As(m) in the supernatant with
As(m) treatment alone was 100%, which was decreased signifi-
cantly by 77.5% + 3.53%, 65% + 4.24% and 52% =+ 2.83% (for
As(m) 1, 5, and 10 uM, respectively) in the presence of L-GO.
Germline apoptosis induced by As(ur) in the supernatant was
reduced, when C. elegans was exposed to As(m) (1, 5, and 10
uM, respectively) concurrently with L-GO (Fig. 3C-b). The GO-
As(m) aggregates in the sediment had no effect on the induc-
tion of germline apoptosis; in contrast, the germline apopto-
sis induced by free As(m) in the supernatant was similar to
As(m) treatment alone at equivalent concentrations. These
data indicated that in addition to adsorption, other mecha-
nisms might be involved in the L-GO mediated decrease in
As(m) toxicity in C. elegans.

Effect of exposure manner on As(m) toxicity with or without
GO

To further explore the influence of GO exposure manner on
As(m) toxicity, C. elegans was exposed to As(m) in the presence
or absence of L-GO in two other different methods. In the
first method, the nematodes were pretreated with GO for 12
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Fig. 4 Effect of exposure manner on As(m) toxicity with or without
GO. Worms were pretreated with As(in) (1, 5, and 10 uM) for 12 h,
followed by exposure to L-GO (10 pg mL™?) for another 12 h, and
worms were pretreated with L-GO (10 ug mL™) for 12 h, followed by
exposure to As(in) (1, 5, and 10 uM) for another 12 h. Results are means
+ S.D. of triplicate values (n = 3) from three experiments.
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h, and then graded concentrations of As(u) were added into
the medium for a further 12 h. In the second process, the
nematodes were pretreated with graded concentrations of
As(m) for 12 h, and GO was then added into the medium for
a further 12 h. L-GO pretreatment could decrease the
germline apoptosis induced by As(m) to near background
levels which was similar to the observation in worms concur-
rently exposed to GO and As(m). In contrast, L-GO had a min-
imal effect on the As(m) toxicity in C. elegans that were
pretreated with As(m) (3.3 + 0.2, 4.065 + 0.13, and 4.23 + 0.19,
respectively) (Fig. 4). These results indicated that it was nec-
essary for GO to interact with the nematodes to decrease the
toxicity of As(u) in vivo. Thus, we hypothesized that a protec-
tive mechanism may be stimulated by the presence of GO.

Effect of GO on mitochondrial dysfunction induced by As(m)

Mitochondria are an important target in the toxic response to
As(m) in vivo. As shown in Fig. 5A, the mitochondria of
untreated nematodes exhibited a normal morphology, with
an oval shape and an intact structure. In As(m)-exposed nema-
todes, the mitochondria exhibited an abnormal appearance
such as swelling, deformation, ruptured double membrane,
reduction or vanishing of the crista, and vacuolation; how-
ever, the presence of L-GO rescued the mitochondrial damage
induced by As(m).

To ascertain the effect of L-GO on the mitochondria dys-
function induced by As(m), the mitochondrial membrane po-
tential was determined using the 5,5',6,6"-tetrachloro-1,1’,3,3'-
tetraethyl benzimidalyl carbocyanide iodide (JC-1) stain in
worms exposed to As(u) with or without L-GO. In worms with
a normal mitochondrial function, J-aggregates with intense
red fluorescence formed in highly polarized mitochondrial
membranes, as shown in unexposed worms (Fig. 5B-1). As(ur)
treatment resulted in more JC-1 in the green fluorescent
monomeric form, whereas more red fluorescence was
retained in worms co-exposed to As(m) and L-GO. Quantifica-
tion of the ratio of red to green fluorescence showed that
As(m) dramatically suppressed the mitochondrial membrane
potential, which was blocked by L-GO (Fig. 5B-2).

Using a fluorescent probe specific for ROS, a significant
increase in fluorescence intensity over the background level
was observed in nematodes exposed to As(m) (Fig. 5C-1), indi-
cating that As(m) stimulated oxidative stress in vivo. The rela-
tive fluorescence intensity induced by As(m) decreased from
477.5 + 21.6 to 195.2 + 8.8 in the presence of L-GO (P < 0.05)
(Fig. 5C-2). L-GO alone at a concentration of 10 ug mL™" had
a minimal effect on ROS induction.

In C. elegans, mev-1 encodes cytochrome b, an integral
membrane protein that is a subunit of mitochondrial respira-
tory chain complex II (ubiquinol-cytochrome ¢ reductase).*
The spontaneous germ cell apoptosis in mev-1(kn 1) mutants
was found to be 3.55 + 0.14, which was higher than that in
wild type nematodes (2.55 + 0.21). L-GO does not suppress
the increased germ cell apoptosis in mev-1(kn 1) mutants; the
germ cell apoptosis induced by As(m) in mev-1(kn 1) mutants
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was significantly higher than that in wild type nematodes at
equal concentrations, indicating that the mev-1(kn 1) mutant
are hypersensitive to As(m) exposure. Similarly, the germ cell
apoptosis induced by As(m) was significantly suppressed from
7.6 + 0.35 to 4.25 + 0.15 with co-exposure to As(m) and L-GO
(Fig. 5D). These results indicated that L-GO protected C.
elegans from reproductive toxicity induced by As(ur) by reduc-
ing the mitochondrial dysfunction.

GO decreased the toxicity of As(m) via the activation of
autophagy

Autophagy as an evolutionarily conserved intracellular catabolic
process for the degradation of endogenous or foreign contents
in the cytoplasm has been implicated in a variety of toxicity re-
sponse and pathological processes.*® Under TEM, formation of
autophagic vacuoles with a double membrane and engulfment
were observed in worms exposed to L-GO alone and to concur-
rent treatment with L-GO and As(m) (Fig. 6A). Igg-1, bec-1, unc-
51, and atg-7 are essential genes for the autophagy process.*'
gRT-PCR analysis revealed that the mRNA level of bec-1, lgg-1,
unc-51 and atg-7 in nematodes exposed to L-GO was signifi-
cantly upregulated 4.65 + 0.14, 3.45 + 0.21, 4.55 + 0.49 and 3.65
+ 0.17-fold, respectively, as compared to control nematodes. Al-
though the transcription of bec-1, Igg-7and unc-51 was not
upregulated in worms exposed to As(m) alone at 10 uM, the
presence of L-GO significantly increased the mRNA level of
these three genes in nematodes exposed to As(um) (Fig. 6B). By
partial RNAi targeting of three different autophagy genes, we
further found that L-GO had a significantly lower effect on
As(m) toxicity in nematodes subjected to bec-1, lgg-1 and atg-7
RNAi compared to wild type worms (Fig. 6C).

Using 3-methyladenine (3-MA), a widely used inhibitor of
autophagy,*>** we further investigated the role of autophagy in
As(m)-induced germline apoptosis in nematodes concurrently
exposed to L-GO. As shown in Fig. 6D, L-GO evidently
suppressed the germline apoptosis induced by As(m) (10 uM)
from 3.875 + 0.21 to 2.75 £ 0.09. In the presence of 3-MA, the
germline apoptosis in worms co-exposed to L-GO and As(m)
showed no significant changes compared to As(ur) treatment al-
one. Moreover, 3-MA alone at the same concentrations showed
no effect on germline apoptosis. Autophagy is a dynamic flux,
and its downstream degradation is essential for maintaining
its protective role in intracellular homeostasis. Bafilomycin A1
(BFA), which inhibits vacuolar H'-ATPase and prevents fusion
between autophagosomes and lysosomes, was employed to de-
tect the integrity of the autophagy flux.** As shown in Fig. 6E,
no significant difference in the level of apoptosis was observed
in nematodes co-exposed to L-GO and As(m) in the presence of
BFA, compared to As(ur) treatment alone with BFA. These data
indicated that the As(m)-induced toxic response was amelio-
rated by L-GO mediated autophagy in C. elegans.

To verify that L-GO elevated the autophagic activity, trans-
genic strains harboring rpl-43(bp399);bpIs151[Psqst-1::SQST-
1::GFP] were used for observing autophagy induction using
confocal microscopy. SQST-1::GFP as an autophagy substrate
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is constantly produced and degraded by autophagy, thus
maintaining a very low level in intestinal cells under normal
conditions.”> In rpl-43 (hp399) hypomorphic mutants, the
autophagy substrate SQST-1::GFP is not degraded by
autophagy and shows aggregated signals in the intestinal
cells. As shown in Fig. 6F, nematodes exposed to L-GO alone
or co-exposed to L-GO and As(m) showed significantly less in-
testinal SQST-1::GFP aggregation compared to worms ex-
posed to As(m) alone (P < 0.05), indicating the activation of
autophagy by L-GO in the presence or absence of As(u) in C.
elegans. These results provide in vivo evidence that the
autophagy flux activated by L-GO is involved in cellular de-
fense against As(m)-induced toxicity.

Autophagy induced by GO blocked the ROS production

Oxidative stress plays an important role in As(m) toxicity. The
effect of autophagy induced by L-GO on ROS generation was
determined in nematodes exposed to L-GO alone, As(m) al-
one, and L-GO concurrently treated with As(m), respectively.
As shown in Fig. 7A-1 and A-2, there was no significant induc-
tion of ROS production in bec-1 RNAi treated nematodes ex-
posed to L-GO. In contrast, a significant increase in ROS was
observed in bec-1 RNAIi treated nematodes, exposed to As(m)
alone or co-exposed to L-GO and As(m). By itself, 3-MA had
no effect on ROS generation. However, L-GO had no effect on
As(m) induced ROS in the presence of 3-MA (Fig. 7B-1 and B-
2). These data suggested that autophagy activated by L-GO
inhibited the generation of As(m)-induced ROS in worms.

GO accelerated As(m) clearance by suppressing the gene
expression of As(m)-binding protein (LEC-1)

LEC-1 is homologous to vertebrate Galectin-1 (GAL1), which
serves as a target protein of As(m) in vivo. L-GO dramatically
suppressed the expression of lec-1 in wild-type nematodes, as
shown in Fig. 8A. Using loss-of-function mutants Ilec-
1(0k1597), we further found that the total amount of element
As(m) was significantly decreased to near background levels
in mutants exposed to either As(m) or L-GO concurrently
treated with As(m) for 12 h, compared to wild type nematodes
(Fig. 8B). Notably, the total amount of element As(m) was in-
creased in a time-dependent manner in wild type nematodes
exposed to As(m). The maximum amount of As(m) element
was observed in wild type nematodes exposed to As(m) for 24
h. In contrast, the maximum amount of As(m) element in
worms exposed to L-GO concurrently with As(m) was detected
at 12 h, which was then greatly decreased at 24 h. These find-
ings were confirmed by LA-ICP-MS, as shown in Fig. 8C,
suggesting that L-GO not only decreased the bioaccumulation
of As(m) but also facilitated its clearance in vivo.

To identify the role of LEC-1 in As(m)-induced toxicity,
loss-of-function mutants, lec-1(0k1597), were exposed to As(m)
or to L-GO concurrently with As(u). The germline apoptosis
induced by As(m) was significantly decreased to near back-
ground levels in loss-of-function lec-1(0k1597) mutants, com-
pared to wild type nematodes (Fig. 8D). The presence of L-GO
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had a minimal effect on the germline apoptosis induced by
As(m) in the loss-of-function lec-1(0k1597) mutants. Similarly,
the brood size and the number of oocytes per gonad were sig-
nificantly increased by 36.7% * 4.21% and 41.0% + 3.04% in
loss-of-function lec-1(0k1597) mutants exposed to As(im), re-
spectively; in contrast, there was no significant difference in
loss-of-function lec-1(0k1597) mutants and wild type nema-
todes exposed to L-GO concurrently with  As(m)
(Fig. 8E and F). These data indicated that LEC-1 is essential
for As(ur) accumulation and toxicity, whereas L-GO alters the

1722 | Environ. Sci.: Nano, 2018, 5, 1711-1728

gene expression of lec-1 in vivo, which further mediated the
bioaccumulation of As(m) and the toxic response.

Discussion

The large theoretical surface area and abundance of oxygen-
containing functional groups make GO highly attractive for
the removal of heavy metals from contaminated water.® The
adsorption behavior of GO not only affects the mobility and
fate of heavy metals in the environment but also alters their
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toxic effects on the ecosystem and human health.””*® The lat-  area, but the dosage determines the maximum dimension of
eral dimension has no significant effect on a specific surface  the material, which plays an essential role in the interaction
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with biological systems.*” GO has a strong tendency to inter-
act with cell surfaces.” In the present study, the lateral sizes
of GO ranged from 50-1050 nm, as characterized by TEM
(Fig. 1). We found that L-GO at a nontoxic concentration (10
pug mL ™) decreased the toxicity of As(m) more efficiently,
compared to I-GO and S-GO (Fig. 2A).

The influence of GO on As(u) toxicity may vary depending
on the exposure processes in the natural environment. The
differential toxicity observed upon changing the sequence of
exposure will be helpful to identify the concurrent contribu-
tion of GO and As(m) in living organisms. Pretreatment with
C60(Nd) nanoparticles (nC60(Nd)) has been shown to dra-
matically increase chemotherapeutic killing in both normal
and drug-resistant cancer cells.”’ Treatment with AgNPs
(<0.1 um) with subsequent exposure to UVA (320-400 nm)
showed significantly synergistic antibacterial effects, because
of the surface oxidation of AgNPs caused by UVA; in contrast,
this phenomenon was not observed in other exposure
methods.>> GO pretreatment did not significantly increase
As(m) cytotoxicity in the human hepatoma cell line HepG2;
however, when cells were pretreated with As(m) for 12 h, GO
significantly increased the cytotoxicity of As(m), indicating
that GO could render cells more susceptible to As(m).>® GO
pretreatment significantly increased the cytotoxicity of che-
motherapeutic agents to cancer cells, indicating that GO
could compromise the cell membrane and cytoskeleton and
induce a subsequent cellular priming state making cancer
cells more susceptible to chemotherapeutic agents.>® In our
previous in vitro study, we found that GO pretreatment dra-
matically decreased the toxicity of PCB 52, whereas there was
no significant difference in the cytotoxicity with either PCB
52 alone or pretreatment with PCB 52 followed by GO.*!
Using C. elegans as an in vivo model, our data showed that
concurrent treatment with GO and As(m) as well as
pretreatment with GO followed by As(m) significantly de-
creased As(m) toxicity; however, pretreatment with As(m)
followed by GO treatment exhibited toxic effects similar to
As(m) treatment alone (Fig. 2A and 4A and B). We hypothe-
sized that an antagonistic mechanism stimulated by GO
might be involved in mediating toxic responses to As(m) in C.
elegans. However, the physiochemical interaction between
GO and As(m) in living organisms is still unexplored.

Owing to the high surface area of GO, the physical adsorp-
tion and catalytic chemical reaction with As(m) is expected to
be important to toxic responses in C. elegans. Adsorption of
As(m) by GO has been well-documented in various cell-free
systems.'™"? As shown in Fig. 3A and C, As(m) was adsorbed
efficiently by L-GO and the maximum absorption capacity for
As(m) reached approximately 50%, when the concentration of
As(m) was 10 uM. In the human As metabolic pathway, As(v)
is converted to As(m), with subsequent methylation to mono-
methylated and dimethylated arsenicals (MMA and DMA, re-
spectively). Methylated arsenicals, especially MMA, are con-
sidered more toxic than As(m) both in animals and human
cell lines.>* GO was reported to assist As(v) entry into cells
and to transform As(v) into high toxicity As(u) in wheat,
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resulting in enhancement of As(v) phototoxicity."® Consider-
ing that As(u) can be readily transformed by biological activ-
ities and changes in redox potential and pH, the potential
transformation of As(m) in the presence or absence of GO
was determined in both K-medium and nematodes in the
present study. The HPLC-AFS analysis revealed that the
As(m) in K- medium, worms, and in excretion metabolites
was all in the form of As(m) in the presence of GO (Fig. 3B).
Moreover, using centrifugation to harvest the GO-As(m) ag-
gregates in the sediment, we confirmed that the germline
apoptosis induced by As(m) was almost totally suppressed by
GO compared to As(m) in the supernatant (Fig. 3C). These
findings suggested that in addition to adsorption, GO might
ameliorate As(m) toxicity via other mechanisms in C.
elegans.

Mitochondria as the prime cellular target for As(u) toxicity
can actively accumulate As(m).>® As(m) has a high affinity for
thiol (-SH) groups in proteins, causing inactivation of a vari-
ety of enzymes including the complexes II and IV of the
electron transport chain.’®®” As the mitochondrial function
is highly dependent on the cellular microenvironment and
intercellular signals, many of which are lost in vitro, C.
elegans represents an excellent in vivo model to investigate
the influence of GO on As(mr) induced mitochondrial dysfunc-
tion. As shown in Fig. 5A-C, GO significantly protected mito-
chondria from As(u) attack and inhibited ROS generation by
As(m). MEV-1, as an integral membrane protein that is a
subunit of the mitochondrial respiratory chain complex II, is
required for oxidative phosphorylation in C. elegans.’® We
further found that germ cell apoptosis in mev-1(kn 1) mutants
exposed to As(m) was significantly higher than that in wild
type nematodes at equal concentrations, which was dramati-
cally suppressed by GO (Fig. 5D). These results suggested that
GO blocked mitochondrial damage and ROS induction, lead-
ing to minimization of As(m) induced toxicity.

Autophagy is an important cellular self-defense process
against As(m)-induced toxicity through elimination of
misfolded proteins and damaged organelles, especially dys-
functional mitochondria. Exposure to As(m) at low doses for
16 weeks enhanced the intracellular ROS levels in human
bronchial epithelial BEAS-2B cells but failed to induce cell
transformation because of protection from autophagy in mi-
tochondria turnover.”>®® As(m) at 100 uM did not induce
autophagy gene (Igg-1, atg-18) expression in fusion-deficient
nematodes, indicating that autophagy might have a limited
role in As(m) toxicity at non-lethal concentrations.®” No signif-
icant intracellular autophagic vacuolization was observed by
TEM in nematodes exposed to As(m) at a non-lethal dose of
10 pM in the present study, which was confirmed by
autophagy-related gene expression including bec-1, lgg-1, unc-
51, and atg-7. GO has been shown to induce autophagic ef-
fects in a number of cell lines and acts as a “double-edged
sword” in mediating the cellular response to environmental
stressors depending on the integrity of the autophagic flux
and the molecular mechanisms of autophagy.®>** As shown
in Fig. 6B and S3,f GO at a non-toxic concentration induced
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autophagic effects in a lateral size-dependent manner.
Autophagy related genes were dramatically upregulated in
worms exposed to GO with or without As(m), whereas deple-
tion of bec-1 and atg-7 function using RNAi partially
blocked the protection of GO on As(u) toxicity (Fig. 6C).
Autophagy is a dynamic flux and downstream degradation
is essential for maintaining its protective role in intracellu-
lar homeostasis. Using autophagy inhibitors, like 3-MA and
BFA, and the autophagic flux reporter HZ946 rpl-43(bp399);
bplIs151(SQST-1::GFP), GO was confirmed to protect nema-
todes from As(u) through authentic autophagy with valid
degradable capacity (Fig. 6D-F). Our data provide clear evi-
dence that GO stimulates a protective barrier and improves
the capacity for resistance to As(ur)-induced toxicity. A simi-
lar protective phenomenon of autophagy was also observed
by other researchers with sliver nanoparticles,** nanosized
paramontroseite VO0,,*> curcumin-temozolomide combina-
tion therapy,®® and dichloroacetate in esophageal squamous
carcinoma cells.®” In general, autophagy is thought to be a
nonselective degradation pathway; however, selective sub-
strate adaptor proteins, such as p62 (known as
sequestosome 1 (SQSTM1)) have been shown to facilitate
the degradation of specific proteins through autophagy.®®
Thus, it is interesting to investigate the influence of GO on
specific As(m)-binding proteins, which is the first step in
As(m) metabolism in vivo.

Galectin-1 (GAL1) is a sugar-binding protein containing
six sulfhydryl groups, which serve as high-affinity binding
sites for As(m) and are involved in the toxic action of
As(m).*”7> LEC-1 in C. elegans is homologous to vertebrate
GAL1.”® Fig. 8A shows that GO significantly suppressed
the expression of lec-1, and the total As(m) accumulation
in nematodes was greatly decreased in the loss-of-function
lec-1(0k1597) mutants (Fig. 8B). Notably, although GO facil-
itated the As(u) accumulation in wild type nematodes in
the first 12 h, the total amount of As(m) was greatly de-
creased in worms with concurrent exposure to GO for 24
h. LA-ICP-MS is a powerful mapping technique to generate
quantitative images of detailed regionally specific element
distributions and has been successfully applied in C.
elegans.”"”> Fig. 8C further provides real time in vivo evi-
dence of As(m) accumulation in wild type nematodes con-
currently exposed to GO and showed that GO facilitated
the uptake and excretion of As(m). It has been proposed
that GO influences the As(m) uptake via co-transporta-
tion."> We speculated that the adsorption of As(m) on GO
might ease the accumulation of As(ur); however, suppres-
sion of LEC-1 by GO eventually facilitated As(m) clearance
in vivo. The expression of autophagy related genes such as
bec-1 and Igg-1 was upregulated in the loss-of-function mu-
tants lec-1(0k1597) compared to the wild-type worms (Fig.
S4t); however, information on the role of LEC-1 in
autophagy is very scarce. Limited investigation on hepato-
cellular carcinoma (HCC) chemotherapy suggested that
GAL-1 decreased the efficacy of cisplatin treatment through
autophagy induction.”®
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Conclusion

Our results highlight the protective mechanisms of GO in
decreasing As(m) toxicity. In addition to adsorption, two main
aspects were involved in this antagonistic process: (a) GO ac-
tivated protective autophagy to block oxidative stress induced
by As(m). (b) GO accelerated the excretion of As(m) by
downregulating the expression of an As(m) binding protein
(LEC-1). Given the widespread use of GO as an adsorbent to
remove As, it is highly important to study the interaction be-
tween GO and As and the effects of GO on As-induced toxicity
in the ecosystem and in human beings.
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