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ARTICLE

Co-exposure to silver nanoparticles and cadmium induce metabolic
adaptation in HepG2 cells

Renata Rank Mirandaa,b, Vladimir Gorshkovb, Barbara Korzeniowskab, Stefan J. Kempfb,
Francisco Filipak Netoa and Frank Kjeldsenb

aDepartment of Cell Biology, Federal University of Parana, Curitiba, Brazil; bDepartment of Biochemistry and Molecular Biology,
University of Southern Denmark, Odense, Denmark

ABSTRACT
Although multiple studies have reported the toxicological effects and underlying mechanisms of
toxicity of silver nanoparticles (AgNP) in a variety of organisms, the interactions of AgNP with
environmental contaminants such as cadmium are poorly understood. We used biochemical
assays and mass spectrometry-based proteomics to assess the cellular and molecular effects
induced by a co-exposure of HepG2 cells to AgNP and cadmium. Cell viability and energy homeo-
stasis were slightly affected after a 4-h exposure to AgNP, cadmium, or a combination of the two;
these endpoints were substantially altered after a 24-h co-exposure to AgNP and cadmium, while
exposure to one of the two contaminants led only to minor changes. Proteomics analysis followed
the same trend: while a 4-h exposure induced minor protein deregulation, a 24-h exposure to a
combination of AgNP and cadmium deregulated 43% of the proteome. The toxicity induced by a
combined exposure to AgNP and cadmium involved (1) inactivation of Nrf2, resulting in downre-
gulation of antioxidant defense and proteasome-related proteins, (2) metabolic adaptation and
ADP/ATP imbalance, and (3) increased protein synthesis possibly to reestablish homeostasis. The
adaptation strategy was not sufficient to restore ADP/ATP homeostasis and to avoid cell death.
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Introduction

Production and application of silver nanoparticles
(AgNP) has grown substantially over the past deca-
des, and AgNP are now the most widely used nano-
particles among engineered nanomaterials (Vance
et al. 2015). AgNP have an enormous potential to
improve current technologies in multiple areas, from
medicine and pharmacology to consumer products
and bioremediation (Zhang, Hu, and Deng 2016), but
not without the release of nanowastes into the nat-
ural environment (Cleveland et al. 2012; Furman,
Usenko, and Lau 2013). The estimated concentration
of AgNP in surface waters, a potential human expos-
ure route, is 0.088–10,000ng/L. It is, however, difficult
to estimate the concentrations of nanoparticles
released at a given time, because of their prevalence
in commercial products (Maurer-Jones et al. 2013).

Multiple research groups have demonstrated the
extent of AgNP toxicity to cells and tissues using
controlled experiments (Navarro et al. 2008;
Govindasamy and Rahuman 2012; Wildt et al. 2016).
The natural environment continuously receives
complex mixtures of contaminants with various
chemical properties. Therefore, the study of interac-
tions among contaminants has a practical import-
ance in toxicology (Goldoni and Johansson 2007),
particularly for novel contaminants such as AgNP.
A number of studies have investigated the interac-
tions of nanoparticles and widespread environmen-
tal xenobiotics, such as metals, polycyclic aromatic
hydrocarbons, and pesticides in different organisms
(Guo et al. 2013; Ferreira et al. 2014; Della Torre
et al. 2015; Deville et al. 2016). Deville et al. (2016),
for instance, showed that interaction of gold
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nanoparticles with nickel sulfate led to competitive
effects on dendritic cell maturation, unlike separate
exposures. Guo et al. (2013) observed synergistic
interaction of silica nanoparticles and cadmium
chloride in mice, resulting in enhanced biochemical
response and metal biodistribution. Cadmium
(Cd2þ) is a non-essential metal and ubiquitous con-
taminant of natural environments and dietary prod-
ucts (Arbuckle et al. 2016). Because it is used in
battery production, fertilizers, and plastic stabilizers
(Capaldo et al. 2016), this metal enters natural envi-
ronments and induces adverse effects on biota and
humans (Cuypers et al. 2010).

In a previous study, we showed that mercury ion
uptake by HepG2 cells was enhanced by co-expos-
ure with 2 nm AgNP, and co-exposure of Cd2þ with
AgNP induced greater toxicity (e.g. decreased cell
viability and proliferation, and increased production
of reactive oxygen species [ROS]), even though
AgNP did not increase intracellular Cd2þ levels
(Miranda et al. 2017). Based on these observations,
we used mass spectrometry-based proteomics in
this study to elucidate in greater detail the molecu-
lar processes underlying the toxic biological out-
comes induced by a combined exposure of AgNP
and Cd2þ in HepG2 cells. Proteomics results were
supplemented with analyses of cell viability, ADP/
ATP ratio, and ROS production.

Methods

AgNP characterization

Spherical AgNP (10 nm) in citrate buffer were com-
mercially obtained from Sigma-Aldrich (St. Louis,
MO). The mass concentration was 0.02mg/mL in 2
mM citrate buffer. The suspension was characterized
according to nanoparticle size distribution (Zetasizer
Nano ZS, Malvern Instruments, Malvern, UK) and
shape (transmission electron microscopy [TEM],
images provided by the producer on JEM-1400Plus;
JEOL, Tokyo, Japan).

Cell culture

Human HepG2 hepatocellular carcinoma cells
(Sigma-Aldrich) were cultured as a monolayer in
high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% inactivated fetal
bovine serum (FBS) and antibiotics (10 U/mL

penicillin and 10 mg/mL streptomycin) at 37 �C and
5% CO2. Cells at passages 110–118 were used in
the study.

Exposure protocol

Cells were seeded onto 96-well microplates (4� 104

cells per well) for analyses of lactate dehydrogenase
(LDH) leakage (cell viability) and ADP/ATP ratio
(energy metabolism), and onto 60-mm Petri dishes
(1.5� 106 cells per well) for trypan blue (cell viability)
and proteomics analyses. Contaminant concentra-
tions used in the study were selected based on a pre-
vious study published by our group (Miranda et al.
2017). Briefly, toxicity-screening tests of AgNP and
Cd2þ were made to identify and select two concen-
trations of each contaminant; a non-cytotoxic one
and a cytotoxic one. Among all possible combina-
tions, the combined exposure of 3.5mg/mL of AgNP
with 1.5 mM of Cd2þ induced toxic effects that could
not be predicted based on the single-contaminant
exposures effects in HepG2 cells. Therefore, these
concentrations were chosen to further analyze the
effects of AgNP and Cd2þ on cell proteome.

After 24 h of plating, the medium was replaced by
fresh DMEM with antibiotics and 2% FBS containing
either AgNP (3.5mg/mL), or CdCl2 (1.5mM), or a com-
bination of AgNP and CdCl2 (AgNPþCd2þ). In the
case of co-exposures, at first, AgNP were added to
the medium, homogenized and then CdCl2 was
added. Cells were exposed to these contaminants for
4 and 24h using appropriate controls.

Cell viability

The LDH assay was used to assess the degree of cel-
lular membrane damage. The CytoTox-ONE (Promega,
Madison, WI) cell viability assay was performed in 96-
well microplates according to the manufacturer’s
instructions. Briefly, cells were exposed to the con-
taminants for 4 and 24h at a final volume of 100mL
and then stabilized at 22 �C. Next, 100mL of CytoTox-
ONE reagent were added to each experimental well,
and the cells were incubated for 10min. Two microli-
ters of lysis solution were used in positive control
wells. At the end of the incubation period, 50mL of
stop solution were added to all wells, and fluores-
cence was measured at 560nm excitation and
590nm emission. Cytotoxicity was expressed as the
percent of maximum LDH release.
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For the trypan blue assay, supernatants were col-
lected after the exposure periods, and cells were
detached with 0.5mL of trypsin (0.25% trypsin and
0.02% EDTA in phosphate-buffered saline [PBS], pH
7.2), suspended in tubes containing 5mL of culture
medium with 2% FBS, pelleted (500g for 5min), and
resuspended in 1mL of total culture medium with 2%
FBS. Next, 30mL from each sample were stained with
30mL of trypan blue (Sigma-Aldrich) and counted with
a Neubauer chamber under an inverted light micro-
scope. Results are expressed as percentage of control.

ADP/ATP ratio assay

The ADP/ATP kit (Sigma-Aldrich) was used in 96-
well microplates according to the manufacturer’s
instructions. Briefly, in the first step cells were lysed
to release ATP and ADP. In the presence of lucifer-
ase, ATP immediately reacts with luciferin-D
to emit light that is measured in a luminometer
and indicates ATP levels (relative luminescence
units [RLU]A). Prior to the second step, ATP levels
are measured again (RLUB). Next, ADP is converted
to ATP through an enzymatic reaction that gener-
ates light in the presence of luciferin-D. This third
light intensity is measured and represents the total
ADP and ATP (RLUC). The ADP/ATP ratio is calcu-
lated by dividing ADP levels (RLUC – RLUB) by ATP
levels (RLUA), followed by normalization to cell via-
bility (trypan blue assay).

Statistical procedures for biochemical assays

Three independent experiments were performed,
with a total of three replicates per experiment. Data
distribution was tested and parametric (one-way
ANOVA) tests were performed, followed by
Dunnett’s test. Effects of contaminants were verified
by comparing data from the control to data from
the AgNP, Cd2þ, and AgNPþCd2þ exposures.
Toxicological interactions were identified by com-
paring data from the co-exposure group with data
from the single-contaminant groups. p Values lower
than 0.05 were considered statistically significant.

Sample preparation for mass spectrometry-based
proteomics analysis

Following the exposure periods, the culture
medium was removed and cells were carefully

rinsed three times with ice-cold PBS. Next, 1mL of
ice-cold PBS, along with protease and phosphatase
inhibitors (ProtoSTOP and PhosSTOP; Roche, Basel,
Switzerland), were added to the plates and cells
were harvested using a cell scraper. Cell suspen-
sions were transferred to 1.5-mL tubes, centrifuged
for 5min at 600 g, and the supernatant discarded.
The cell pellets were suspended in ice-cold PBS
again, centrifuged for 5min at 600 g, and stored at
�80 �C until analysis.

Lysis buffer (urea [6 M], thiourea [2 M], and pro-
tease and phosphatase inhibitors cocktail) and
20mM of triethylammonium bicarbonate (TEAB)
plus a reducing agent (10mM dithiothreitol) were
added to each tube at room temperature for 2 h.
Next, samples were diluted (1:10) with 20mM of
TEAB (pH 7.5), cell lysis was enhanced, and DNA
was fragmented by tip sonication on ice. Protein
concentration was measured by a fluorometric
quantification method (Qubit, Life Technologies,
Carlsbad, CA), and 50 mg of protein were alkylated
in 20mM iodoacetamide for 30min in the dark.
Following incubation, samples were digested with
trypsin (50:1 [w/w] protein to trypsin) overnight at
room temperature. Peptides were acidified with 5%
formic acid to stop trypsin digestion and dried prior
to desalting.

Desalting with R2/R3 micro-columns

Samples were resuspended in 0.1% trifluoroacetic
acid (TFA) and desalted using P200 columns made
with a C8 plug (3M Empore) packed with equal
ratios of Poros R2 and R3 resin materials (Applied
Biosystems, Foster City, CA) in 100% acetonitrile
(ACN). The column was prepared by short centrifu-
gation at low speed (100 g), equilibrated with 0.1%
TFA, and centrifuged again. This procedure was
repeated twice. Next, samples were loaded onto the
columns and washed twice with 0.1% TFA. Peptides
were eluted with 60% ACN and 0.1% TFA.

Peptide labeling

Fifty micrograms of tryptic peptides per sample
group were labeled with iTRAQ 8-plex according to
the manufacturer’s instructions. Next, peptides were
combined 1:1:1:1:1:1:1:1, dried under vacuum, and
stored at –20 �C until further processing.
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Sample fractionation

Prior to liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis, samples were prefrac-
tionated to reduce complexity and to remove
unbound iTRAQ reagents. The prefractionation
methods applied were high-pH and hydrophilic
interaction liquid chromatography (HILIC). In the
first method, R3 micro-columns in 100% ACN were
prepared as previously described and equilibrated
with 0.1% NH3. Samples were resuspended in 1%
NH3, loaded onto the columns, and washed twice
with 0.1% NH3. Finally, peptides were eluted using
different concentrations of ACN. Ten fractions were
collected and dried.

For HILIC fractionation, samples were resus-
pended in 90% ACN and 0.1% TFA (solvent B) and
loaded to a TSKGel Amide-80 HILIC HPLC column
(length, 15 cm; diameter, 2mm; particle size, 3 lm).
Peptides were eluted at 6 mL/min by decreasing
solvent B from 100% to 60% over 30min. A total of
nine fractions were collected and dried in a vac-
uum centrifuge.

Reversed-phase nLC-MS/MS

Each HILIC and high-pH sample was resuspended in
0.1% formic acid and loaded onto an in-house
packed trap column (2 cm �100 mm inner diameter;
5 mm) filled with ReproSil-Pur C18-AQ (Dr. Maisch,
Ammerbuch-Entringen, Germany). Peptides were
separated on an analytical column (17 cm� 75 mm;
3 mm) packed in-house with ReproSil-Pur C18-AQ
(Dr. Maisch) by reversed-phase chromatography on
an EASY-nLC system (Thermo Fisher Scientific,
Waltham, MA). To avoid the supercharge effect of
the iTRAQ 8-plex, a 5% ammonia solution was
placed under the electrospray needle. The chroma-
tography gradient was as follows: 0–7% B in 1min;
7–30% B in 79min; 30–50% B in 10min; 50–100% B
in 5min, followed by 8min 100% B (A: 0.1% formic
acid, B: 95% ACN and 0.1% formic acid) at a con-
stant flow rate of 250 nL/min. The nLC system was
connected to a Q Exactive high-field hybrid quadru-
pole-orbitrap mass spectrometer (Thermo Fisher
Scientific) operating in positive ion mode with data-
dependent acquisition. The full scan was acquired
with an automatic gain control target value of
3� 106 and a maximum injection time of 100ms.

Each MS scan was acquired at a resolution of 60 000
at m/z 200 with a mass range of m/z 400–1400.
Twelve intense precursor ions with charge from 2 to
5 were selected for fragmentation with higher-
energy collisional dissociation. Fragmentation was
performed at normalized collision energy of 30%
using an isolation width of 1.2Da and a dynamic
exclusion duration of 20 s. MS2 spectra were acquired
at a resolution of 30 000 at m/z 200, with automatic
gain control of 1� 105 and maximum injection time
of 200ms.

Database searches and bioinformatics analysis

Raw data were processed using Proteome
Discoverer v. 1.4 (Thermo Fisher Scientific) and
searched against the SwissProt human database
using the Mascot search engine. Trypsin was
selected as the enzyme, allowing two missed cleav-
age sites. A precursor mass tolerance of 10 ppm
and a product ion mass tolerance of 0.02 Da were
used. Fixed modifications included carbamidome-
thylation of cysteines and iTRAQ8-plex labeling for
lysines and N-termini. Dynamic modifications con-
tained methionine oxidation and N-terminal acetyl-
ation. False discovery rates were calculated using
the Percolator algorithm, with the q-value filter set
to 0.01. Reporter ion intensities were log2-trans-
formed and normalized in each channel using the
median. The R Rollup function from DanteR pack-
age (Taverner et al. 2012) was used to build protein
intensities from peptides. Protein regulations were
determined using the Limma ranked product
approach (Schw€ammle et al. 2013). Only proteins
with p values �0.05 were considered regulated, and
subsequently corrected for multiple testing using
Storey corrections and leading to a q value filter
of �0.05.

Regulated proteins were submitted to the Search
Tool for the Retrieval of Interacting Genes/Proteins
(STRING) Franceschini et al. 2013 to elucidate cellu-
lar protein responses induced by the exposures to
the contaminants. To identify signaling pathways
affected by specific contaminants, a signaling path-
way analysis was performed with all altered pro-
teins for each group using Ingenuity pathway
analysis (http://www.ingenuity.com) with databases
of experimental and predictive origin. Ingenuity
pathway analysis was also used to visualize
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significantly altered biological functions (z-score �2:
activation or z-score ��2: inhibition; p value �0.05)
by the z-scores and p values derived from Fisher�s
exact test across all observations.

Results

AgNP characterization

Dynamic light scattering measurements indicated
that most of the particles had a diameter of 8–20nm
(Figure 1(B), Supplementary Figure 1). TEM images
obtained for the sample confirmed the AgNP as
monodispersed with a spherical shape (Figure 1(A)).
The high zeta potential of the sample, equal to �30.
1 ± 3.28mV dispersed in the citrate buffer, indicated
good colloidal stability of the nanoparticles.

Cell viability and energy homeostasis

The effects of AgNP, Cd2þ, and AgNPþCd2þ on cell
viability and energy homeostasis were evaluated
using trypan blue, LDH leakage (plasma membrane
permeability), and ADP/ATP ratio (energy homeosta-
sis) assays. Following a 4-h exposure, increases of
1.3- to 1.8-fold in LDH levels were observed for all
groups compared with levels in the control (Figure
2(A)). Findings were similar following a 24-h expos-
ure to single contaminants (1.9-fold increase for AgNP
and 1.3-fold increase for Cd2þ) (Figure 2(B)), while the
AgNPþCd2þ co-exposure resulted in a 6.6-fold
increase in LDH levels (Figure 2(B)).

Several studies have suggested that AgNP may
interact with LDH via enzyme inhibition or binding
(Han et al. 2011; Gliga et al. 2014), masking the
decrease in viability. Therefore, we also conducted a

trypan blue assay. Although differing from LDH in
terms of sensitivity, a more pronounced effect of
AgNPþCd2þ was also observed in the trypan blue
assay after 24 h (Figure 2(C,D)). No effects were
observed after 4 h of exposure (Figure 2(C)), but
decreases in cell viability during the 24-h experi-
ment occurred for AgNP (34%), Cd2þ (18%), and
notably AgNPþCd2þ (77%; Figure 2(D)).

ADP/ATP ratios increased for AgNP (52%), Cd2þ

(36%), and AgNPþCd2þ (40%) after 4 h of exposure
(Figure 3(A)). After 24 h, the increases in the ADP/
ATP ratios for AgNP and Cd2þ were 70% and 61%,
respectively. A substantial increase of 396%, how-
ever, was observed for AgNPþCd2þ in comparison
to the control (Figure 3(B)). Although an energy
imbalance occurred after 4 h of exposure, cells sur-
vived and viability loss was minor (LDH assay) or
not observed (trypan blue assay). In the 24-h expos-
ure, ADP/ATP imbalance was followed by loss of
cell viability. Considering that ATP production was
hampered by the exposure, cells may not have
undergone apoptosis, at least in the AgNPþCd2þ

group, which may explain the marked increase in
LDH leakage (characteristic of necrosis). In addition,
we previously reported a change in the cell death
mechanism from apoptosis to necrosis using time-
lapse confocal microscopy in HepG2 cells exposed
to AgNPþCd2þ (Miranda et al. 2017). The findings
in this study validate that co-exposure to AgNP and
Cd induces significantly more harm to HepG2 cells
than exposure to either of the contaminants singly.

Comparison of viability data of the present study
and in Miranda et al. (2017) suggests that toxico-
logical interaction of AgNP with Cd2þ depends on
the particle’s characteristics, such as coating and

Figure 1. Characterization of silver nanoparticles (AgNP; 0.02mg/mL in 2 mM citrate buffer). (A) Transmission electron microscopy
image of AgNP suspension. (B) Particle distribution according to size.
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Figure 3. ADP/ATP ratio in HepG2 cells exposed for 4 h (A) and 24 h (B) to silver nanoparticles (AgNP, 3.5 mg/mL), cadmium
(Cd2þ, 1.5 mM), and AgNPþ Cd2þ (3.5 mg/mL þ 1.5 mM). Data shown are meanþ SEM of three independent experiments in
triplicate. Asterisks indicate effects in comparison to the control (��p< 0.01, ���p< 0.001); # indicates toxicological
interaction.

Figure 2. Cell viability assay. Lactate dehydrogenase (LDH) leakage (A, B) and trypan blue (C, D) assays in HepG2 cells exposed
for 4 h (A, C) and 24 h (B, D) to silver nanoparticles (AgNP, 3.5mg/mL), cadmium (Cd2þ, 1.5mM), and AgNPþ Cd2þ (3.5mg/mL þ
1.5mM). Data shown are meanþ SEM of three independent experiments in triplicate. Asterisks indicate effects in comparison to
the control (��p< 0.01, ���p< 0.001); # indicates toxicological interaction.
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size, as well as the period of exposure. Noncoated
2 nm AgNP (Miranda et al. 2017) interaction with
Cd2þ induced earlier toxic effects (e.g. decreased
cell viability and increased ROS levels already after
4 h) than 10 nm citrate-coated AgNP (used in this
study). However, after 24 h these endpoints reached
similar values after co-exposure of both AgNP
with Cd2þ.

Proteomics

We used quantitative proteomics to identify differen-
tially expressed proteins following AgNPþCd2þ

exposure. Figure 4 displays the experimental design.
LC-MS/MS analysis identified 4522 proteins across all
experimental repetitions (Supplementary Table 1).

The term ‘upregulated’ was used to describe pro-
teins more abundant after exposure to the contami-
nants, while ‘downregulated’ refers to those less
abundant after exposure, compared to control; the
term ‘deregulated’ refers to statistically significant
regulated proteins (both up and downregulated).
Figure 5 displays the numbers of upregulated and
downregulated proteins following 4 h (A) and 24 h
(C) of exposure to the contaminants in comparison
with the controls (Supplementary Tables 2 and 3).

After 4 h of exposure, 54 proteins were differently
regulated for AgNP (30 upregulated and 24 down-
regulated), 50 proteins for Cd2þ (25 upregulated
and 25 downregulated), and 14 proteins for
AgNPþCd2þ (five upregulated and nine downregu-
lated). Multiple proteins were differentially regu-
lated in only one of the three-contaminant groups:
AgNP, 47 proteins; Cd2þ, 40 proteins; AgNPþCd2þ,
nine proteins (Figure 5(B)).

After 24 h of exposure (Figure 5(C)), 310 proteins
were differentially regulated for AgNP (105 upregu-
lated and 205 downregulated), 85 proteins for Cd2þ

(41 upregulated and 44 downregulated), and 1949
proteins for AgNPþCd2þ (1150 upregulated and
799 downregulated). Exposure-specific regulation
was observed in 26 proteins for AgNP, nine for
Cd2þ, and 1664 for AgNPþCd2þ (Figure 5(D)).

For all groups, the global cellular response to the
exposures was in the range of a few hours and inten-
sified over a 24-h exposure period, with pronounced
differences in protein regulation, particularly for cells
co-exposed to AgNP and Cd2þ (alteration of 43% of
the proteome after 24h of exposure vs. 0.3% after
4 h of exposure). Moreover, the 24-h response to
AgNPþCd2þ could not be predicted from the
responses to the AgNP and Cd2þ exposures.

Figure 4. Schematic workflow to study the interaction of silver nanoparticles (AgNP) and cadmium in HepG2 cells.
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Molecular mechanisms underlying the
toxic responses

To better understand the molecular mechanisms
involved in the toxicity of AgNP, Cd2þ, and
AgNPþCd2þ, protein-protein interaction networks
were built using a STRING algorithm for the 24-h
exposure experiment (Figure 6), as networks were
not formed after 4 h of exposure. AgNP induced
the upregulation of mitochondrial proteins related
to the respiratory chain and biogenesis of ribo-
somes, as well as heat shock and cell-cell/matrix
adhesion proteins (Figure 6(A)). Multiple proteins
involved with translation initiation and ribosome
structure were downregulated. Defined clusters of
proteins involved in glucose metabolism, antioxi-
dant defense, and cell signaling were also
observed (Figure 6(B)). Following the Cd2þ expos-
ure, clusters of protein-protein interactions were
only observed for proteins that were downregu-
lated, indicating that nutrient metabolism and
depletion of antioxidant defenses were related to
the cellular response (Figure 6(C)). Protein-protein
interactions in the co-exposure group related more
to AgNP than to Cd2þ. Upregulation occurred for
mitochondrial and respiratory chain proteins, as
well as for proteins involved in lipid metabolism,

transcription, RNA processing, ribosome formation,
and translation (Figure 6(D)). Downregulation
occurred for chaperone proteins such as heat
shock proteins, proteasome subunits, antioxidant
defense proteins, and proteins involved in glycoly-
sis (Figure 6(E)).

Pathway analysis was performed to identify
upstream regulators (z-score >2) involved in the
deregulation of proteins following exposure (Figure
7(A)). Significant changes in upstream regulators
were only observed after 24 h of exposure to the
three test contaminants. Inhibition of the transcrip-
tion factor Nrf2 and activation of RICTOR (subunit
of mTORC2) occurred following exposure to AgNP.
Inhibition of the lipid homeostasis regulators PPAR-
c and SREBF1 was observed following exposure to
Cd2þ. Twelve upstream regulators were differentially
altered in the response to AgNPþCd2þ exposure:
Seven were inhibited, including Nrf2 and PCK1,
which is involved in gluconeogenesis; five were
activated, including the lipid homeostasis-related
proteins PPARGC1A, CPI1, and NR1H4. Finally,
canonical pathway analysis (p� 0.05) indicated that
the affected signaling pathways were mainly associ-
ated with cell signaling, glucose and lipid metabol-
ism, and oxidative stress-related responses
(Figure 7(B)).

Figure 5. Quantitative proteomic analysis of three independent experiments. Upregulated and downregulated proteins in HepG2
cells after 4 h (A) and 24 h (C) of exposure to silver nanoparticles (AgNP, 3.5mg/mL), cadmium (Cd2þ, 1.5mM), and AgNPþ Cd2þ

(3.5mg/mLþ 1.5mM). Overlap among proteins regulated by each contaminant after 4 h (B) and 24 h (D) of exposure.
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Discussion

Toxicity associated with Nrf2 inactivation

Oxidative stress results from the imbalance of pro-
oxidants and antioxidant defenses; cells respond by
increasing the expression and activity of antioxidant
proteins, and by activating pathways related to sur-
vival and stress adaptation (Holmstr€om and
Finkel 2014).

Downregulation of antioxidant enzymes such as
superoxide dismutase and peroxiredoxin, observed
after a 24-h exposure to all test contaminants (Figure
6; Supplementary Table 4), may impair antioxidant
cell responses and lead to increased levels of ROS.
Thioredoxins were also downregulated after a 24-h
exposure to AgNP and to AgNPþCd2þ (Figure 6(B,
E); Supplementary Table 4). This enzyme has an

important role in protein repair after oxidative dam-
age, being responsible for reducing oxidized pro-
teins, including peroxiredoxin (after hydrogen
peroxide reduction). A 24-h exposure to AgNP and
AgNPþCd2þ hampered the antioxidant defense sys-
tem (Figure 6(E)), also causing the downregulation of
proteins involved in glutathione metabolism, includ-
ing glutathione synthetase, glutathione-disulfide
reductase, and glutathione S-transferase. Although
AgNP and AgNPþCd2þ exposures perturbed similar
antioxidant defense proteins after a 24-h exposure,
some proteins were downregulated to a greater
extent in the AgNPþCd2þ exposure (Supplementary
Table 4). This may have contributed to the increase
in ROS levels observed in the AgNPþCd2þ experi-
ment (Supplementary Figure 2).

Figure 6. Protein-protein interaction networks. Functional interaction networks of HepG2 cellular proteins deregulated by silver
nanoparticles (AgNP) and cadmium (Cd2þ) after 24 h were built using a STRING algorithm. Thicker lines represent stronger interac-
tions and only interactions with high confidence (score �0.7) are shown. AgNP (A, B), Cd2þ (C), and AgNPþ Cd2þ (D, E).
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Nrf2 is a transcription factor that binds to the
promoter region of antioxidant response elements
of target genes and plays a role in cellular redox
homeostasis (de Vries et al. 2008; Vriend and Reiter
2015). Under homeostatic conditions, Nrf2 is
repressed by its negative regulator, KEAP1. When
the intracellular environment becomes more oxi-
dant, however, this complex dissociates and Nrf2
translocates into the nucleus, promoting the tran-
scription of antioxidant defense-related genes (Itoh
et al. 2003). The inactivation of Nrf2 was observed
following exposure to AgNP and AgNPþCd2þ

(Figure 7(A)), and the Nrf2 canonical pathway was
significantly affected by all test contaminants
(Figure 7(B)), resulting in the downregulation of
antioxidant defense proteins and, consequently,
increased ROS levels. In addition to the antioxidant
proteins, Nrf2 also regulates genes whose products
are involved in the pentose phosphate pathway
(PPP) (Mitsuishi et al. 2012). PPP generates ribose 5-
phosphate, a substrate for nucleotide synthesis, and
the reducing agent NADPH, which is necessary for
recycling reduced glutathione. Therefore, Nrf2

inactivation in cells exposed to AgNP or
AgNPþCd2þ for 24 h may have been the cause of
significant downregulation observed for PPP key
enzymes (Supplementary Table 5), contributing to
the high ROS levels that accumulated in these
groups (Supplementary Figure 2).

Nrf2 also regulates the expression of proteasome
subunit genes, which contribute to the removal of
damaged proteins following oxidative insult
(Chapple Siow, and Mann 2012; Lee et al. 2012).
Moreover, the proteasome is involved in degradation
of cellular proteins, regulating multiple cellular proc-
esses (Glickman and Ciechanover 2002). Therefore,
inactivation of Nrf2 may also downregulate prote-
asome subunits after exposure to AgNP and, to a
greater extent, to AgNPþCd2þ (Figure 6(B);
Supplementary Table 6). This resulted in a significant
alteration of protein ubiquitination (Figure 7(B)) and,
possibly, in increased toxicity. Figure 8 displays a
schematic summary of Nrf2 downstream effects after
a 24-h exposure to AgNPþCd2þ.

Changes in the protein ubiquitination canonical
pathway (Figure 7(B)) following the downregulation

Figure 7. Ingenuity pathway analysis. (A) Upstream regulators (z score >2) in HepG2 cells exposed to silver nanoparticles (AgNP;
RICTOR and NFE2L2), cadmium (Cd2þ; PPAR-a and SREBF1), and AgNPþ Cd2þ (ATP7B, MBTPS1, PCK1, NFE2L2, NR1I2, INSR,
CYP7A1, OMA1, CPT1C, RIPK2, NR1H4, and PPARGC1A) for 24 h. (B) Canonical pathway analysis (p value �0.05) in cells exposed to
AgNP, Cd2þ, and AgNPþ Cd2þ for 24 h.
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of ubiquitin, chaperone proteins, heat shock pro-
teins, and thioredoxins (Supplementary Table 7)
may have contributed to the effects observed, as
proteins may not have been tagged for degradation
in the proteasomes or repaired after exposure
to AgNPþCd2þ.

Co-exposure to AgNP and Cd2þ deregulates mRNA
translation-related proteins

Attenuation of mRNA translation, via phosphoryl-
ation of eIF2, is an initial cellular response to a wide
range of stressors, including nutrient deprivation
and accumulation of misfolded proteins. In this
manner, cells conserve resources while a new gene
expression program is adopted to prevent further
damage (Baird and Wek 2012; Donnelly et al. 2013).
The eIF2 canonical pathway was
significantly altered after the 24-h exposures to
AgNP and Cd2þ (Figure 7(B)), owing to the down-
regulation of ribosome subunits and proteins
involved in translation initiation (Figure 6(B,C);
Supplementary Table 8). A different outcome, how-
ever, was observed following the combined expos-
ure (AgNPþCd2þ). Although downregulation of
ribosomal proteins and proteins involved in

translation initiation also occurred, higher numbers
of these proteins were upregulated (Figure 6(D,E));
Supplementary Table 8). Moreover, more upregu-
lated than downregulated proteins were observed
(Figure 5(B)). Cells co-exposed to several contami-
nants may activate transcription and translation of
key proteins in response to cellular stress. In par-
ticular, we observed upregulation of proteins nor-
mally required for reestablishment of energy status,
such as those involved in oxidative phosphorylation,
mitochondrial functioning, and lipid metabolism,
although this response was not sufficient to avoid
or attenuate an abnormal ADP/ATP imbalance and
cell death (Figures 2 and 3). Deregulation of this
pathway may have also resulted in reduced levels
of proteins involved in antioxidant defense, prote-
asome activity, and protein repair, as dis-
cussed above.

Co-exposure to AgNP and Cd2þ induces metabolic
adaptation in HepG2 cells

Cancer cell lines are metabolically adapted for rapid
growth under hypoxic and acidic conditions, using
glycolysis as the main biochemical pathway
to synthesize ATP (Warburg effect) even in

Figure 8. Principal outcomes of Nrf2 inactivation in HepG2 cells after a 24-h co-exposure to silver nanoparticles and cadmium
(AgNPþ Cd2þ). Inhibition of Nrf2 prevented transcription of target genes, resulting in the downregulation of antioxidant defense
proteins, pentose phosphate pathway (PPP) enzymes, and proteasome subunits (red arrows).
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the presence of oxygen and functional mito-
chondria (Rodr�ıguez-Enr�ıquez et al. 2001; Liberti
and Locasale 2016). HepG2 cells can utilize different
routes of energy conversion, allowing them to
employ glycolysis alongside oxidative phosphor-
ylation (Kamalian et al. 2015).

Downregulation of proteins involved in glycolysis
(Figure 9; Supplementary Table 9) may have resulted
in the ADP/ATP ratio imbalance observed after
exposure to AgNPþCd2þ, despite the upregulation
of proteins related to oxidative phosphorylation
(Figure 9; Supplementary Table 10). The less-toxic
exposure to AgNP led only to minor ADP/ATP imbal-
ance, even though downregulation of glycolytic
proteins occurred in both groups.

A 24-h exposure to AgNPþCd2þ, but not to
AgNP, resulted in a decrease in MTT metabolism
(Supplementary Figure 3), a process that depends
on the activity of cellular dehydrogenases, including
mitochondrial succinate dehydrogenase. It is, there-
fore, possible that unaltered succinate dehydrogen-
ase activity (as observed in the AgNP group)
maintains the ADP/ATP balance.

In hepatocytes and HepG2 cells, under ideal nutri-
tional conditions, ATP production occurs mainly

through glucose oxidation (Iyer et al. 2010). Under
conditions of nutrient deprivation, however, fatty
acids can be oxidized to obtain ATP, through b-oxida-
tion and the tricarboxylic acid cycle (Houten and
Wanders 2010; Iyer et al. 2010; Carracedo, Cantley,
and Pandolfi 2013). Lipid metabolism-related proteins
were upregulated after exposure to AgNPþCd2þ

(Figure 9; Supplementary Table 11), suggesting that
the cells may have used an alternative nutrient to
supply the metabolic demand, such as the lipids pre-
sent in the FBS-enriched culture medium.

Peroxisome proliferator-activated receptor
gamma coactivator 1-a (PPARGC1A) and bile acid
receptor (NR1H4 or FXR) increase transcriptional
activity of the nuclear receptor PPARc, resulting in
metabolic adaptation in response to nutrient
deprivation, by inducing expression of genes
related to glucose and lipid homeostasis (Mukherjee
et al. 1997; Pineda Torra et al. 2003). These co-fac-
tors were activated in the cells exposed to
AgNPþCd2þ for 24 h (Figure 7(A)), suggesting that
co-exposure to AgNP and Cd2þ can result in meta-
bolic adaptation. Activation of the b-oxidation regu-
lator carnitine O-palmitoyltransferase 1 (CPT1C)
(Rinaldi et al. 2015) and inactivation of NR1I2, an

Figure 9. Changes in HepG2 cellular energy metabolism after a 24-h co-exposure to silver nanoparticles and cadmium
(AgNPþ Cd2þ). Co-exposure resulted in downregulation (red arrows) of glycolytic proteins and upregulation (green arrows) of oxi-
dative phosphorylation and lipid metabolism proteins.
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inhibitor of b-oxidation (Moreau et al. 2008), were
also observed (Figure 7(A)). In addition, canonical
pathway analysis suggested that glycolysis and glu-
coneogenesis in the AgNP- and AgNPþCd2þ-
exposed cells were altered, following downregulation
of proteins related to these pathways (Figure 7(B)).
Taken together, these data support the hypothesis
that co-exposure to AgNP and Cd2þ induces a meta-
bolic adaptation in HepG2 cells. Even so, the ADP/
ATP ratio remained perturbed in cells exposed to
AgNPþCd2þ. As mentioned earlier, a 24-h exposure
to AgNPþCd2þ resulted in a decrease in succinate
dehydrogenase activity. Therefore, it is possible that
metabolites produced by b-oxidation and the tricarb-
oxylic acid cycle (NADH, FADH2, and acetyl-CoA)
were not efficiently used by the mitochondrial
respiratory chain to restore ADP/ATP homeostasis.

Conclusions

Our results provide information about the toxico-
logical interaction of AgNP and Cd ions in HepG2
cells, as well as some insights into the possible
underlying toxicity mechanisms. Co-exposure for
24h to AgNP and Cd2þ induced, in general, more
toxic responses than individual exposures to AgNP
or Cd2þ. The total proteome profile of HepG2 cells
changed substantially after 24 h of exposure to
AgNPþCd2þ. The increased levels of oxidative stress
may have been the result of downregulation of
reducing agents and the antioxidant defense system
following inhibition of Nrf2 activity, which may also
have played a role in downregulating proteasome
subunits. Another hallmark of the toxicity induced by
AgNPþCd2þ was the upregulation of oxidative
phosphorylation and lipid metabolism-related pro-
teins, suggesting that a metabolic adaptation
occurred, as HepG2 cells usually produce ATP mainly
by glycolysis, and alternative nutrients, such as lipids,
may have been recruited to reestablish a homeo-
static ADP/ATP ratio. While cells exposed to AgNP or
Cd2þ exhibited downregulation of translation-related
proteins, cells co-exposed to both were characterized
by both upregulation and downregulation of these
proteins, resulting in a notable alteration of the eIF2
canonical pathway. This may have resulted in the
downregulation of glycolytic, antioxidant, and prote-
asome proteins, triggering metabolic adaptation,

although the adaptation was not sufficient to restore
ADP/ATP homeostasis and avoid cell death.
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