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Abstract

Omics technologies, such as proteomics or metabolomics, have to date been applied in the
field of nanomaterial safety assessment to a limited extent. To address this dearth, we
developed an integrated approach combining the two techniques to study the effects of two
sizes, 5 and 30 nm, of gold nanoparticles (AuNPs) in Caco-2 cells. We observed differences in
cells exposed for 72 h to each size of AuNPs: 61 responsive (up/down-regulated) proteins were
identified and 35 metabolites in the cell extract were tentatively annotated. Several altered
biological pathways were highlighted by integrating the obtained multi-omics data with
bioinformatic tools. This provided a unique set of molecular information on the effects of
nanomaterials at cellular level. This information was supported by complementary data
obtained by immunochemistry, microscopic analysis, and multiplexed assays. A part from
increasing our knowledge on how the cellular processes and pathways are affected by
nanomaterials (NMs), these findings could be used to identify specific biomarkers of toxicity or
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to support the safe-by-design concept in the development of new nanomedicines.

Introduction

Currently, omics techniques are routinely applied as high-
throughput methods in medical diagnostics for the analysis of
disease states as well as in basic research to study biological
processes or in predictive toxicology. Among the different omics
techniques, genomics, which gives an overview of the complete
set of genetic information provided by the DNA, and transcrip-
tomics, which looks into gene expression patterns, convey only
limited information about phenotyping, therefore, are of restricted
value and are considered as an entry point with respect to other
more recent omics sciences. By comparison, the information
acquired by proteomic studies based on the identification of de-
regulated dynamic protein products and their interactions, have a
higher scientific value. Metabolomics, the newest omics science
which refers to the analysis of the complete set of low molecular
weight compounds in a sample, has the great advantage to provide
a closer link to the phenotype of a cell/tissue at a specified time
under particular environmental conditions.
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To date, post-genomics techniques have been applied in the
field of nanomaterial risk assessment to a limited extent (Jia et al.,
2013; Kobeissy et al., 2014). Furthermore, the integration of multi-
omics data has only recently been performed (Bartel et al., 2015;
Cooney et al., 2015; Decourcelle et al., 2015; Diez et al., 2015;
Eichner et al., 2014; Fagerberg et al., 2014; Kutmon et al., 2014;
Meierhofer et al., 2014). The proteome and metabolome are
directly interconnected as protein levels influence the metabolic
profile of a cell system and metabolites’ concentration may affect
protein expression. Therefore, an integrated approach that com-
bines proteomics and metabolomics data, is a very powerful tool to
provide a more comprehensive understanding of biological effects
of potential toxicants, including NMs.

Although there is an emerging interest in applying metabo-
lomics to nanotoxicology (Huang et al., 2012; Lu et al., 2011) and
in its integration with molecular profiling at protein level (Eichner
et al., 2014), further research in these fields is needed. The prote-
omic approach which is quite standardized is not yet routinely
implemented in the field of nanotoxicology whereas the metabo-
lomic approach is complex and still at its early stage of devel-
opment. This is not only due to the chemical diversity of cellular
metabolites but also to the redundancy of cellular metabolic path-
ways that make data elaboration and interpretation challenging.

In this contribution, we present a multi-omics approach to
better understand the cellular effects after AuNPs exposure in
vitro. As progress in metabolomics data processing and analysis
lags behind that of proteomics, with this work, we attempt to
provide useful tools to improve metabolomics data processing and
to integrate multi-omics data at systems biology level.

In more detail, we investigated the modification that occurs in
the proteome and the metabolome profile of human colon
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Figure 1. Experimental design. A combination of 2D-gel based proteomic and MS-based metabolomic approaches was used to analyze the
differentially expressed proteome and metabolites of the cytoplasmic compartment of Caco-2 cells exposed to 5 or 30 nm AuNPs (300 uM) for 72 h.
Data obtained were interpreted using a combination of bioinformatics tools for a combined omics approach.

adenocarcinoma cells (Caco-2) (Sambuy et al., 2005) when
exposed to AuNPs. Qualitative and quantitative data of
de-regulated proteins and metabolites obtained using two-dimen-
sional gel electrophoresis (2DE) and liquid chromatography high-
resolution tandem mass spectrometry (LC-HRMS/MS) were
combined and interpreted using systems biology analysis. The
aim of this study was, apart from demonstrating the great
potential of this approach, to contribute to the understanding of
the biological processes that are affected when AuNPs interact
with living systems.

We focused on AuNPs, as they have attracted in the last decade
enormous scientific and technological interest due to their unique
chemical properties, which are tunable, by changing the size,
shape, or surface chemistry. The initial claim of absence of
cytotoxicity (Connor et al., 2005) has raised enthusiasm, and led
to an increased use of AuNPs in consumer products such as
cosmetics, food packaging, toothpastes, food supplements, and
lubricants (Sung et al., 2011), as well as in medicine for cell
imaging (Chen et al., 2005), targeted drug delivery (Ghosh et al.,
2008), cancer diagnostics, and therapy (Huang et al., 2007;
Paciotti et al., 2004). However, recent studies demonstrated size-
dependent cytotoxicity induced by AuNPs in vitro (Alkilany &
Murphy, 2010; Coradeghini et al., 2013; Vetten et al., 2013).

Therefore, this work aims at contributing to a better under-
standing of the cellular and molecular mechanisms triggered by
exposure to AuNPs in Caco-2 cells by applying a multi-omics
approach cross-linked with a broad set of techniques to support
the omics findings. Integration of proteomics and metabolomics
data is crucial to obtain biological insight for a correct hazard
assessment. Furthermore, information achieved based on the
knowledge of networks, processes, and pathways modified can be
used to improve drug design or to identify specific biomarkers of
toxicity.

Methods

A schematic of the experimental design and the analytical and
bioinformatics tools employed is provided in Figure 1. Due to
the complexity of the comprehensive combined approach used
in this study, the detailed methodology on AuNPs synthesis
and characterization, the 2D gel-based proteomics analysis, the
MS-based metabolomics, and the bioinformatics description for
the systems biology analysis can be found in Supplementary
material.

In vitro experiments
Cell culture conditions

Human colon adenocarcinoma Caco-2 cells (Sigma—Aldrich®,
Milano, Italy) were maintained in complete culture medium
composed of Dulbecco’s Modified Eagle Medium (DMEM) high
glucose (4500 mg/L) (Life Technologies, Turin, Italy) supple-
mented with 10% (v/v) fetal bovine serum (FBS, North America
Origin, Life Technologies, Turin, Italy), 0.5% (v/v) penicilin/
streptomycine, 4 mM L-glutamine, and 1% (v/v) not essential
amino acids (Life Technologies, Turin, Italy). For routine culture,
cells were maintained in a sub-confluent state under standard cell
culture conditions in a humidified incubator (37 °C, 5% CO,, 95%
humidity) (Heraeus Thermo Fisher®, Hoeilaart, Belgium).

AuNPs treatment and sample preparation

For proteomic experiments, 1 x 10° Caco-2 cells were seeded in
S5mL complete culture medium in 100 x 20mm Petri dish
(Corning, Valdarno, Italy). After 24 h, the medium was replaced
and 5 or 30nm AuNPs were added to obtain the final concen-
trations of 300 uM (59 pg/mL). In each experiment, untreated
cells were used as control. Six biological replicates were
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performed for each experimental condition. Proteins extraction
from the cytoplasmatic compartment was performed after 72 h of
exposure time as described in Gioria et al. (2014).

For metabolomics experiments, cells were prepared as
described above. At the end of the 72h exposure time, the cell
culture medium was removed. Cells were washed with 5mL of
cold phosphate-buffered saline solution (PBS) (Life Technologies,
Turin, Italy) and the wash solution discarded. Cell lysates were
obtained by adding 500 pL of ice-cold methanol to each well and
mechanically harvested with a sterile plastic disposable cell
scraper. The lysate was transferred in a 1.5 mL Eppendorf® tube.
Each dish was then washed with an additional 250 pL ice-cold
methanol that was collected into the respective Eppendorf® tube.
Recovered cell lysate was sonicated at 50 W for 5 min and further
centrifuged at 15000 ¢ for 15min at 4°C. The supernatant was
collected and stored in a new 1.5 mL Eppendorf® tube at —80 °C.
The methanol solution was evaporated to dryness using the
centrifugal vacuum evaporator (Univapo 150 ECH, Uniequip,
Planegg, Germany) for 30 min with a cooling system at 10 °C. The
samples were re-suspend in 100 pL of the LC-MS mobile phase
(0.1% formic acid (FA) in a solution of milli-Q water:methanol,
95:5) and centrifuged at 15 000g for 10 min at 4 °C. Samples were
transferred into 96-well plates and then covered with a suitable
cover mat for LC-HRMS analyses.

2D gel-based proteomic experiments

The 2D gel-based proteomics analyses together with the prote-
omic data processing have been performed according to our
previous work (Gioria et al., 2014). Minor changes have been
done and can be found in Supplementary methods.

MS-based metabolomic experiments

In this work, we refer to the reporting standards in metabolomics
(http://msi-workgroups.sourceforge.net) of the Metabolomics
Society (Sumner et al., 2007). These standards recommend that
authors should report the level of identification for all metabolites
based on a four-level system ranging from level 1 (identified
compounds), via levels 2 and 3 (putatively annotated compounds),
and 3 (putatively compound classes) to level 4 (unidentified or
unclassified metabolites which nevertheless can be differentiated
based on the spectral data).

Going through the identification of all metabolites of interest
was limited to a small number of cases as the identification
challenge is immense and confident unambiguous assignments of
observed metabolic features to a single compound are not always
possible (Warwick et al., 2013). Definitive (level 1) identification
would require the comparison of two or more orthogonal
properties (e.g. rt, accurately measured m/z, fragmentation mass
spectrum) of a chemical standard to the same properties observed
for the metabolite of interest analyzed under identical analytical
conditions.

In this work, a level of confidence of 2 for metabolite
identification (putatively annotated compounds) was reached. The
application of accurate measurement of m/z was able to provide
putative HMDB annotations (top five possibilities were
considered).

Details concerning metabolomics analysis and data processing
are available in Supplementary methods.

Systems biology analysis

Relation between the identified proteins and annotated metabol-
ites was evaluated using the software Ingenuity Pathways
Analysis (IPA) (Ingenuity Systems®, Redwood City, CA). For
more details, refer to Supplementary methods.
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Other techniques used

For Trypan Blue assay, immunocytochemistry analysis and
apoptosis array membrane refer to Supplementary methods.

Results
Identification of the differentially expressed proteins

We assessed the differences in the cytoplasmic proteome of Caco-
2 cells by 2DE, exposed to 5 or 30nm AuNPs at a concentration
of 300 uM with respect to the control (untreated) cells. The
analysis of imaged gels identified a total of 836 (range 722-907),
819 (range 777-867), and 760 (range 574-944) protein spots for
the control, 5 or 30nm AuNPs-treated samples, respectively
(Figure 2), with an average percentage of matched spots across
gels of 94%.

The Mann—Whitney test was used to compare the overall
protein expression profile. Among the protein spots detected,
18 were found to be down-regulated by at least 2-fold, and
18 were up-regulated by at least 2-fold in cells treated with 5 nm
AuNPs. In the case of 30nm AuNPs treatment, 28 spots were
down-regulated and five spots were up-regulated with at least a
two-fold change. Only 33% of the de-regulated proteins were
found to be common to both treatments. Differences were also
found between AuNPs treated cells, as 23 spots were differentially
expressed in cells treated with 5 nm AuNPs with respect to 30 nm
AuNPs (17 up-regulated and six down-regulated). A total number
of 66 proteins were differentially expressed and significant
(p<0.05) between the two groups (5 and 30nm AuNPs) among
which six were common to the two comparisons (Figure 2).
The differences in protein de-regulation observed between the
two sizes can be explained considering the uptake. Indeed,
as shown by our group in an earlier work, the number of
internalized NPs by the cell is much higher in the case of the
smaller 5nm size compared with the bigger size 30 nm AuNPs
(Bajak et al., 2014).

Proteins of interest (up- or down-regulated) were defined from
the images of the control and treated samples, and their
corresponding spots in the image of the preparative gel were
matched. The 66 spots were selected from the preparative gel for
spot picking. The aforementioned de-regulated protein targets
were identified using LC-HRMS/MS. Proteome Discoverer
(Thermo Scientific®, Waltham, MA) with the Sequest workflow
and UniProtKB/Swiss-Prot database (UniProt, Washington, DC)
were used for protein identification of the selected de-regulated
protein spots. Results were returned for 61 out of the 66 selected
spots (Supplementary material — Figure S1). Table 1 reports the
spot and code number, the UniProt accession number, the
protein code, the p value, and fold change as compared with
the control, the protein coverage, the theoretical Myy, and pl and
the protein score. In the table, proteins that have been differen-
tially regulated by AuNPs are classified according to their main
function based on UniProtKB/Swiss-Prot and Gene Ontology
(GO) (UniProt, Washington, DC). In Figure 3(A), proteins
deregulated by 5 or 30nm AuNPs are visualized grouped for
main function.

Investigation of de-regulated metabolites

Using LC-MS and metabolomic data analysis, we assessed the
differences in the metabolic profile within the cells when exposed
to AuNPs of 5 or 30 nm sizes with respect to the untreated control.

The m/z features obtained after statistical analysis were
submitted to public database search for metabolite annotations.
For metabolite identification, we used the standard reporting
system, described previously (Sumner et al., 2007). Results show
that both sizes of AuNPs had a significant impact on the
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Figure 2. Proteomic analysis of the cytoplasmic extract of Caco-2 cells exposed to AuNPs. Representative two-dimensional gel protein maps of
cytoplasmic fractions of (A) untreated (Ctrl), (B) treated with 5nm AulNPs, and (C) treated with 30 nm AuNPs cells for 72 h. (D) The Venn diagram is
showing the distribution of differentially expressed proteins: 5nm AuNPs versus Ctrl (red circle, 36 proteins), 30 nm AuNPs versus (blue circle, 33
proteins) or 5 versus 30 nm AuNPs (green circle, 23 proteins). Number inside overlapping region of two circles refers to the spots common to different

groups (For color figure refer to the online version.)

metabolic profiling of the cell extract as 35 metabolites were
found significantly differentially expressed (p <0.05) (Table 2)
and sorted according to their main biological function. In
Figure 3(B), metabolites deregulated by 5 or 30nm AuNPs are
visualized grouped for main function.

Interestingly, the same metabolites were found to be
de-regulated by both sizes of AuNPs; however, the changes
were more pronounced after treatment with the smaller 5nm
AuNPs.

Systems biology analysis

The IPA software was used for the combination and interpretation
of complex data for both metabolomics and proteomics platforms.
Table 3 reports the most significant molecular networks affected
in response to 5 or 30nm AuNPs treatment for 72h, data were
obtained by analyzing the differentially expressed proteins and
metabolites (Tables 1 and 2, respectively). The focus molecules
and de-regulation are highlighted in Table 3. Results show that the
major networks altered in response to 5 nm AuNPs were related to
small molecule biochemistry, cell assembly and organization,
cellular growth, and proliferation. In the case of 30 nm AuNPs, the
most affected networks were involved in cellular compromise
(degeneration) and cell morphology. Figure 4 shows the molecu-
lar pathways affected by AuNPs exposure, and highlights the
identified de-regulated proteins and metabolites and their inter-
connection in the network.

Other techniques

At the omics level, we have reported alterations of molecular
networks involved in cellular compromise (degeneration), cell
morphology, cellular assembly and organization, cellular growth,
and proliferation. In addition, several proteins among which
ARHGEF7, HSPD1, HSPAY, and annotated metabolites such as
glutathione or C-3 carnitine known to be associated to the
apoptotic process were found differentially expressed.

To confirm our findings, we cross-linked omics data with a
broad set of complementary techniques. By microscopy analysis,
it was apparent that cell growth was clearly hindered by AuNPs
(Supplementary Figure S2). The effect was particularly evident
for cells exposed to 5 nm and less pronounced in the case of 30 nm
AuNPs exposure. The observation was in line with what reported
in Bajak et al. (2014) where, in the Trypan blue assay, lower total
cell numbers were detected in samples treated with AuNPs,
despite an overall high cell viability (>90%) in all conditions. We
investigated the effects of AuNPs exposure on the cytoskeleton
organization and nuclei by immunocytochemistry, staining the
F-actin filaments of the cells with phalloidin and nuclei with
DAPI In the absence of NPs, the actin filaments were well
organized, whereas cells exposed to AuNPs presented an alter-
ation in F-actin distribution, with thinner and poorly oriented
stress fibers and a more punctuate fluorescent pattern
(Supplementary Figure 3S-B). This modification of the cytoskel-
eton might alter the shape, growth rate, and survival mechanisms



Nanotoxicology, 2016; 10(6): 736-748

740  S. Gioria et al.

9€'0F

v'9/v'or

09/€vE

S/T6l

6TET

(70433

TS/L6C

v/v'0C

8€'TT

8'9/S'TL

€L/TEL

s/001T

8L'EBT

S'S/v'v0T

19/8'LST

SE/E0€

TEV0'0

L0€00

0d1dy

88€50d

L09

(4044

[NVINNH OV14] - T=AS T=3d 0d1d¥=ND Suaides OWoH=50 0d ula10.d [eWOS0qH dIpIdE 509

sUI9301d [eWosoqry

€LE00

e

9rdN6D

o1d

STI8

[INVIANH Q3]
- T=AS T=3d ¥Q3N=ND suaides oOWOoH=S0 ¥ Hungns uonduosue || asesdawAjod YNY Jo Joreipaiy

¥dSHI

SY6760

903

09¢

[NVINNH2d8N4] - #=AS T=3d dYSH)=N9 sudides OWoH=SO ¢ u1a104d Bulpuig-juswa|d weasisdn Jeg

uonenbal uondudsuel] |

96£0°0

J¥ddyl

v0LZhd

[£]

L069

[NVINNH D¥dd1]
- €=A\S T=3d D¥dd¥T1=ND suaides owoH=SO [elpuoy20}W ‘uia10.4d SuluI_IUOD-JIOW Ydd Yol-auldna

1iodsuen YNy

[NVWNH v413]

€€TL S'L/8'8C v'8/T'SE TT/9°6€ 01000 V413 Y08ETd 709 601 - T=AS T=3d V4.13=N9 suaides owoH=50 |eHpuoyd0nw ‘eyde yungns uiajoidoneyy Jajsuel) uoi3d3|3
tommcm‘_u.m

0g8€z | ¢S/sTz | £5/s8t o/ser | NS TGO e 85100 HSdLY | [v650 | 010 | ztoc INVINNH_HSd1V] - £=AS T=3d HSdLY=ND suaides OWIOH=50 [EIPUOY0LW ‘P 11UNGNS 35eYIUAS d LV
Uoneidsay

[NVIWNHVSHA] - Z=AS T=3d

8'8S '9/v'€8 v'L/9°TL 6/8'8T T9€0°0 YHas 0v0TEd 13 €8y VHQAS=ND suaides owoH=SQ [elpuUOYI0}IW ‘Hungns uiaoidoAeyy [auouinbign] aseuasoipAyap a1eudans
886 S'L/L9L 9'L/v'S8 v1/8°0C 19000 Z00v 86£660 04 €242 [NVINNHTNODV] - Z=AS T=3d ZODV=ND su31des 0WOH=50 [e11puOyI0}IL ‘dselepAy a1e31uody|
8€'86 6L/TvE £'8/S'SE (47444 81700 | ZHAW 9260%d £0d 60TT [NVINNH WHA] - €=AS T=3d ZHAIN=ND sualdes owoH=50 |elpuoy0W ‘aseuadoipAyap aiejey
9’6 Ts/S'Ly 0'L/997 ¥/6'0T ¥600'0 THal ¥/85L0 SOV YIEL [NVINNH DHQI] - Z=AS T=3d THAI=ND suaides owoH=50 21wse|dolAa [davN] aseuadoipAyap aie.yio0s|
Remyied yoL|

L5%C 5'9/8'79 L'L/8L9 6/6'ST 20200 DL 10v62d 104 vTSE [NVINNH DIL] - €=AS T=3d DIL=ND suaides 0woH=50 35e|01axsuelL
eMUed 21eydsoyd a50UIuad

[NVINNH 9XDd]

09'82 S'L/LE9 9'L/L0L L/8°TT ¥110°0 d 228910 ¥03 2092 - €=AS T=3d 2IDd=NO sualdes owoH=50 |elpuoyI0lW ‘[d19] aseuyAxogies ajeansAdjousoydsoyd
m_mwcmmowCOUJ_U

v/CL ¥ST0°0 509 ST9S [NVINNH 2d@0] - €=AS T=3d 1¥1d=ND Sualdes OWOH=SQ [elPUOYI0N W

8€'8 8'S/L'v9 8'£/0'69 1via STSOTd ‘x3]dwod aseuadolpAyap a1eAnJAd Jo Jusuodwod asesajsueljArade anpisal-auisAjjAodijoipAyig
v1/S€C 75100 S04 1099 [NVINNH 2daO0] - €=AS T=3d 1¥1a=ND sualdes OWOoH=50 [epuOY20IW

79'90T £'S/9v9 8'2/0'69 1via GTS0Td ‘x9|dwod aseuaoipAyap a1eanAd jo Jusuodwod asesajsuelyjA}ade anpisal-auisAjjAodijoipAyiq
€STIT L'L/Toy 1'8/9tv 8T/€'9 76200 9d 855004 904 6021 [NVINNH T9d] - €=AS T=3d T)Dd=ND sualdes 0woH=50 T aseunj aesa0A3oydsoyqd
61°50T 8'L/T9Y VLT LY ST/9'LE TON3 €€£90d 200 0zET [NVINNH VON3] - Z=AS T=3d TON3=N9 suaides owoH=50 asejoua-eyd|y
ST £'8/0°CE €'8/L'9€ 9/0'6T VHA1 8€E00d 908 8TT [NVINNH VHQT] - Z=AS T=3d YHQ1=ND suaides owoH=50 uleyd y aseuasoipAyap aieioe|-]

SISA[0JAD

[NYIWNH ™ Taxad] - z=AS

SO'LE 1'5/L°08 ¥'S/L'98 11/0°8T 100Xad | 966490 109 6TLL T=3d 1DAXAd=ND suaides owoH=50 T uta304d Buiuteluod-urewiop asejAxoq.esap Juapuadap-jexopuiAd
8€'61 TLIT6S £'9/9'%9 8/5'ST JILY 6£6TEd 80V 9ESE [NVINNH6¥Nd] - £=AS T=3d DILY=ND sualdes 0WOoH=50 HYNd u!a10.d sisayluAsolq aurind [euonounyig
LLYE S'S/€'50T 8'5/9'vrT 6/SS°L Svdd £90ST0 118 1269 [NVINNH #8Nd] - ¥=AS T=3d SV4d=N9 suaides owoH=50 aseyiuAs auipjweurdA|sjAuwioyAsogrioydsoyd
SISOUIUASOIq oulng
09°09 LL/6LE 8'8/T'Sy 6/L°08 25000 | TLVOV TsLved 110 et [NVINNH L] - T=AS T=3d TLYIV=ND suaides 0woH=50 |epuoyd0)iu ‘asesajsuesijAjace yod-|A1aoy|
86'1S 8'L/TTY 1'8/6'TY TT/LTT 86000 | VYOV S9/Tvd 804 TIET [NVINNHIHL] - 2=AS T=3d 2¥¥IV=ND sualdes 0WOH=50 [eLPUOYI0W ‘3Se|0IY} YOD-|A2e03%-¢
101335 pUe pidr]|
vL'ST v'L/€9€E L]y oy 9/€LT | 62100 | ST000 | TLvSd LTIA6D 803 [444 [NVINNH D¥3S] - Z=AS T=3d TLVSd=N9 suaides 0woH=50 aseJajsuejouiuie aupiasoydsoyd
66'LY 19/9'TY €9/L'Ly 6/6'6T | 22200 | TE000 | ADHY 9zseTd €04 LOEY [NVINNHHHVS] - #=AS T=3d ADHV=ND sualdes owoH=50 aseuiaisAkrowoy|Asouapy|
SpPY oulwuy
wisljoqers

91025 1d/MN 1d/mw sapndad anbiun  [abueyd pjo4zbo| [abueyd pjo4 | anjea d [abueyd pjo4'zbo| [abueyds pjo4 | anjea d 9pod JaquinN [ Jaquiny | JaquinN

uR104d | |eluswLadX] | |ednaioay / 9besanod SINNY wWuQg SANNY wug uiRl0ld | uoISSANY ?po) 10dg

'syoenxe oruse[dolAd g-ooe) jo sjods [98 g [enplalpul ur paynuopl surejoid pajendar-op jo IS ‘| 9[qeL



741

Combined omics approaches in nanotoxicology studies

DOI: 10.3109/17435390.2015.1121412

("UOTSIOA QUITUO Y} 0} JOJAI 9[qe) I0J0D I0,]) "SJUAIPBIS JO[0D SB UMOYS I8 U9dMIaq UI SanfeA Y[, ‘60> JoJ [l paI JIep pue
‘86" > 10 [l U913 Y31 "POPOI-I0[0D PUE §G°() O3 §G'()— WIOIJ J3s Sem dFuel o) sny) ‘86" = ¢ 307 "surojoid [enpiaipur 10y (93ueyd p[oj pue anfea d) pajrodar are ([13) SNSIIA SINNY WU )¢ PUE [11)) SNSIIA SINNY
wu §) Jusuwnean} SNy Ieiye seSueydp saneinuen)) (D ‘uoiSurysepy 1oidmun) (0D) £5010juQ 2uan) pue J0IJ-SSIMS/GI0IJIU() UO PIseq UOTIOUNJ UTEW IIAY) 0} SUIPIOJOE PIIFISSB[O UOAq ALY SUISIOIJ "9I00S
Aiiqeqoad e pue ‘Id pajernofes oy ‘ssew Je[nosjoul Ay} ‘sproe ourwe pue sapndod paynuIpI Jo Ioqunu Ay} 93e1aA0d urejold oy ‘oquiks urjoid Yy ‘requInu UOISSIIIL J0IJIUN) B pauSisse udaq sey jods ureroid yoeq

LS'L 1'5/v'8E S'L/6vE /8L 75000 [ Z2TLINS [ 8EE000 204 8TLL [NVINNH ¢OTLS] - T=AS T=3d ZDTLINS=ND sualdes OWOH=50 ¢JT 35eJajsueiioy|ns

sIssuaboupJie)
65'SL 1'8/S°LT 6%/€8¢C 8/LvT 89000 | OVHMA 18619d £09 S0T6 [NVINNH 9EEVT] - Z=AS T=3d DYHMA=ND suaides OwoH=50 ewwes u123o.d g-g-yT
9Tty 09/6'LL S9/€'18 8/9v1 LSTO0 | LWOW £66£€d 608 [4727 [NVINNHZIND] - $=AS T=3d ZINDIN=ND sualdes OWOoH=50 ZINDIA 4018} Buisuadj| uonedlidal YN
09°0€ 61/9€E ¥'S/T'8€E 9/L°8T 92200 | 2anN 99ZA60 £0D 9178 [NVINNH DaNN] - T=AS T=3d JANN=ND sualdes owoH=50 Jpnu u1a104d uoiieJsiw JeapnN
8L 69/L€E L°L]9°8€ £/9°01 £510°0 XNV SSEL0d 900 STZE

BUIpUIG WNDIEY

S'S/TTIT 8'S/TYEL ST/8'ST SSISTO [NVINNH TOWON] - 5=AS T=3d TOWON=ND suaides oWoH=SQ T J01ejnpow [ePON

GIeubIs [epON

6/6'7C 78000 100 8159 [NVINNH Tdg€9]
¥'S/6'6S S's/1Ts £8ZETD - T=AS T=3d Td8€9=ND suaides owoH=50 T ute30.d Buipuig-uiajoid Bugeayoe-ased1o sey
L'S/TY 5'9/9°05 ¥1/T°0€ S6€05d [NVINNH_81a9] - Z=AS T=3d 7I9=ND sualdes OWOH=50 32 JO3IqIyul UOILIOSSIP ddD qey

6'S/6'79 29/9'89 Ty PO OXSN6D

[NVINNH 7D T)] - €=AS T=3d ¥DTI=ND suaides owoH=50 ¢ uteyd 1ysi| uisaury

TI0dsUeI] 9|[ouebiQ,

€€°9T €5/L8L S'S/TE8 S/TL 91100 | 2I00H | 603960 £04 [ INVINNH Z)OOH] - £2AS T=3d 2I00H=ND suaides owoH=50 Z B0|OWOY 300H UI2}0id

v6ZIT | €S/STIL | £'S/v9l £2/SSTT 05200 | 1Tvv3 SL0STO oty T16L INVNNH TV33] - Z=AS T=3d Tv33=ND sudides owoH=50 T Uadnue awosopua Aie3

swosopul

85 6€ €5/v°07 v'S/S Ty 01/6'6Z 79000 | T19€HS | 196660 808 L1EL [INVINNH TOEHS] - T=AS T=3d T19EHS=NO suaides owoH=50 zv-ulydopu3

SIS01A00pug

vT91 9'9/L°16 1'£/0°06 9/S'L LTy0'0 | £439HYY | SSTYTO 103 £€8€  [INVINNH LOHYV] - Z=AS T=3d £43DHYV=ND suaides OWOH=50 £ 403oe} 38ueYIX> IPLO3[INU dulUENS Oy

bUIpeaIds [

€8'SE 6'S/S VL €5/9TL LjoTt 9ST0'0_[86STVVDI | 99ZINOV ) 1095 [NVINNH TLOHS] - #=AS T=3d 86GTVVI)=N9 suaides OWOH=50 -Uooys

uonesue|od |20

SETT | 89/8T0T | '9/T'80T 9/6'9 LE10°0 | TANNLD | 9T£090 LoV LOLE [INVIANH TAN.D] - T=AS T=3d TANNLD=ND sualdes owoH=50 T-e3[3p Uluaied

09T | ¥'S/SE0T | 0'S/LETT 5/09 tecoo | | ] 1950 €T¥Z00 208 9189 [INVINNHT95] - Z=AS T=3d T9SA=ND su|des OWOH=50 T-ua|8owsaq

6C€T ¥'S/v'v0T S'S/€'9€T 9/58's 0£00°0 N9 LINTJ6D €00 0169 [NVINNHTONID] - Z=AS T=3d N9D=ND suaides owoH=50 ulin3u1y

uondunled-|eD

79z 8'S/TH9 19/L18 1/6'6 dnr €26v1d 90V 7S [NVINNH YIV1d] - €2AS T=3d dN=N9 sualdes owoH=50 uigoj3oseld uonauny
Lv'L6 79/8'68 7'9/9°26 61/%'ST 7S€00 | T-IIA £2€60d 113 LOLY, [NVINNH_1IAT - #=AS T=3d T1IA=ND Sualdes OWOH=50 T-
19°8S 1'9/5°68 7'9/9°26 v1/0°0C 8T¥00 | T-1IA £2€60d 013 0TLt, [NVINNH_IAT - #=AS T=3d T1IA=ND Sualdes OWOH=50 T-
9L°€9 €9/9°68 7'9/9°26 ST/L°6T 9€€00 | T-TIA £2€60d 603 €1LY [NVINNH_1IAT - #=AS T=3d T1IA=ND Suaides OWOH=50 T

08T 0'5/L°6€ T'S/9°6€ v/871 79200 €QOWL | 61AN6D 60 028 [INVIANH_€00WL] - T=AS T=3d EG0NL=NO suaides owoH=50 €-ulinpowodou |

0£'9Z 7s/T'89 7'S/ST9 8/v'8T STZ00 | NLD LyTyTO oV VELL [NVINNH8D¥S] - Z=AS T=3d NLLD=ND sualdes OWOH=50 U11Ie3100 31eJ1sqns IS

606 T'S/9TY 9'5/0y 5/0°91 60000 | 1810V | T¥T9SO €09 [443 [INVIANH 18.10V] - Z=AS T=3d Z1810V=ND sualdes OWoH=50 Z uta10.d ay1|-unde-e1ag

[GEE RIS

[NVWNH €001d]

96 8'S/99L 09/L'v8 vI/v'ee #9000 | €d01d 895090 [4%] 80LS - T=AS 1=3d £001d=N9 suaides OwWoH=50 ¢ 3seuasAxolp-g a1elein|doxo-z aulsh|-uage|j0do.d
LTLTT 6%/7°09 6'7/TLS 72/96€ S0p00 | 8Hpd L€2L0d [8) 0798 [NVINNHTVIAd] - €=AS T=3d 8Hyd=ND Sualdes OWOH=50 3SeJaWOS|-apl|NsIp UIa}old
TL8S 6%/9vE 0'S/T'T1E 01/9's€ ar433 76967d 604 1128 [NVWNHaT43] - §=AS T=3d AT433=ND sua|des OWOH=S0 e3|ap-T 40}oe} uonesuo|3
SISOUIUAS UI9101d|

60°0C ¥'S/€'60T 8'S/8'LTT 9/9L van vIECZd 60V 0£69 [NVINNHTVEN] - €=AS T=3d TVEN=N9 suaides owoH=50 T awAzua uneande-Jayipow aji-uginbign
99'8 6'7/E vy 61/STY T/E's £4Tddd | SEVSTO 708 ST€6 | INVINNH £¥Tdd] - T=AS T=3d L4Tddd=ND sualdes owoH=50 £ Hungns Alojejndai T asejeydsoyd uraod
Uonesyipow Ue10id

SL'8T €5/L9L S'S/TT8 S/v'9 H3dV 86LETd 0V €0LL [NVINNH HdOV] - #=AS T=3d H3dV=NO suaides owoH=50 dWAzua 3uiseaja.-poe-oulwe|foy
LL'ET ¥'S/S'SL S'S/T18 9/6'L H3dV 86/€Td €09 6TL9 [NVINNH HdOV] - #=AS T=3d H3dV=ND sualdes owoH=50 awAzud Suisea|aJ-pioe-oulwe|Ady
SISA[03104d|

LT8€T | T'S/S'69 '9/9°€L E/TTY 79500 | 6VdSH 9v98€d 109 979L [NVINNHS£d¥9] - Z=AS T=3d 6VdSH=ND sudldes OWOH=50 |elpuoy20} W ‘ulal0.d 0£-55a.35
19°9€ v'L/L8S 5'9/5°LS 01/S°1¢C 8ET0°0 [465) TL€8Ld 203 607C [NVINNH_8dJ1] - 7=AS T=3d Z1DD=ND Sualdes OWoH=50 139 1unqgns T u1a30.d xa|dwiod-|
€9'5ST | 6%/T€6 8v/v't6 82/1'6C | scecoo | ] 1806dSH | Sz9vTd 909 5188 [NVINNH 1dN3] - T=AS T=3d T806dSH=ND suaides owoH=50 ujwse|dopu3
¥2°609 1'5/¥'65 6'S/0'19 9€/9°05 £000'0 | TAdSH 6080Td z0d 0TSL [NVINNH09HD] - Z=AS T=3d TAdSH=ND sualdes owoH=50 |eHpuOYI0IW ‘uIa104d %20ys 183y QX 09
6%/0'19 6'5/0'T9 S/T1T €1€00 | TAdSH 6080Td 100 1026 [NVINNH09H)] - Z=AS T=3d TAdSH=ND sualdes 0WoH=50 |eHpuOY203IW ‘uia30.d %20ys €3y Q@) 09




742 8. Gioria et al.

(A)
14

Biological functions of differentially expressed proteins

=5 nm AuNPs
=30 nm AuNPs

Number of proteins

Metabolism Energy Transcription Protein  Cell morphology ~ Signal

& transport  transduction

Biological functions

Other functions

Nanotoxicology, 2016; 10(6): 736-748

(B) Biological functions of differentially expressed metabolites
20
18 =5nm AuNPs
16 =30 nm AuNPs

]

=

k)

S

o]

£

o

S

o}

E]

]

El

z

Protein
associated

Metabolism

Energy Secondary Metabolites with Unidentified
metabolism unclear metabolites
classification

Biological functions

Figure 3. Biological functions altered by AuNPs exposure. Bar charts grouped by biological function representing the differentially expressed proteins
and metabolites, after 72h of treatment with AuNPs. (A) Represents the de-regulated proteins by 5nm or 30 nm AuNPs and (B) the de-regulated

metabolites following exposure to 5 and 30 nm AuNPs.

of the cells. Fragmentation of the cell nuclei was also observed
after exposure to AuNPs (Supplementary Figure 3S-A). In order
to quantify these microscopic observations, INCell analyzer 2200
(GHealthcare, Santa Clara, CA) was used to study the nuclei and
cytoskeleton morphology of Caco-2 cells. Results obtained
(Supplementary Figure 4S) confirmed that the cytoskeleton of
the cells incubated with AuNPs was significantly disrupted
(p<0.05), although no differences were observed in the F-actin
analysis between 5nm and 30nm treatments (p>0.05). The
nuclei area of the cells was significantly reduced after exposure to
AuNPs (p<0.05), and several fragmented nuclei were detected
which are linked to apoptotic cell death. Furthermore, the nuclear
measurements applied as an apoptosis indicator showed signifi-
cant increased values in both NPs treatments with respect to the
control (p <0.05). Both parameters related to the nuclei, area and
apoptosis indicator, reveal apoptotic events in NP-treated cells
with a more pronounced effect in 5nm AuNPs (5nm versus
30nm, p<0.05).

To support these findings, cells were stained with Annexin V
antibody (Supplementary Figure 3S-C) and a simultaneous
screening of 43 human markers was performed using an
apoptosis-specific antibody array. The results shown in
Supplementary Figure 5S highlight significant changes in the
expression of several proteins involved in the apoptosis process.
CAS-3 and CAS-8 were found to be strongly upregulated
by exposure to Snm AuNPs. In addition, BAD, BAX, BCL-2,
BCL-W, CIAP-2, BID, BIM, CD40, CYTOC, DR6, FAS, several
proteins of the IGFBP family, sSTNF-R2, and TNF-o were found to
be down-regulated by 30 nm AuNPs.

Discussion
Current challenges in omics approach

Proteomics and metabolomics, combined with systems biology,
are excellent tools to screen the effects and toxicological
mechanisms induced by NPs. However, the metabolomics
approach remains very challenging and still relatively novel in
the field of nanotoxicology. In the present work, results from
metabolomics were integrated to data obtained from the study of
the de-regulation of the proteome to closely investigate the bio-
responses of Caco-2 cells when exposed to AuNPs. To partially
overcome the metabolomics data analysis challenge, IPA was used
to integrate both proteomics and metabolomics data and to gain
insights into molecular pathways from identified proteins and
metabolite annotations.

This combined approach allowed the detection of significant
changes in the proteome and metabolome profiles of Caco-2 cells
treated with 5 or 30nm AuNPs. Due to the complexity of the
experimental set-up, the number of conditions tested was limited
to two sizes of AuNPs and one dose (300 uM). The dose was
selected based on the previous cytotoxicity tests (Bajak et al.,
2014) and corresponds to the lowest one where significant
cytotoxicity started to be observed in at least one of the two NP
sizes tested (5 nm). Unfortunately, at this molar concentration of
gold, it was not possible to conduct exposure experiments using
30nm particles while maintaining the same total surface area or
the number of particles as the experiments with 5 nm particles. To
achieve these conditions, based on the same starting mass
concentration of gold in the stock solution, it would have been
necessary to pre-concentrate the 30 nm nanoparticles solution to
unreachable levels (36 times more for equivalent surface area and
216 for equivalent particle number). Such concentration would
cause the agglomeration of the NPs. For this reason, the exposure
has been normalized to gold molarity.

The limitations of 2D gel-based proteomics platform are the
association of isoelectric-focusing (IEF) and two-dimensional
electrophoresis as quantitative preparative techniques for mass
spectrometry, hence only a reduced number of samples can be
processed. However, the attractiveness of this platform is that it
allows the identification of post-translational modifications that
occurred to proteins, otherwise not detected with our mass
spectrometry-based approach. By 2DE, we were able to observe
isoforms (spot G5 and F5, Al and B3, E9-E10-E11) as well as
proteolytic fragments (D1 and D2).

In addition, we combined the advanced omics tools with a
broad set of complementary techniques, including immunochem-
istry, microscopic analysis, and multiplexed assays for the
detection of apoptosis proteins. Cross-linking different techniques
can improve the knowledge and understanding in nanotoxicology
as shown in this work.

Mechanisms of AuNPS toxicity

A number of intrinsic cellular pathways are triggered in response
to AuNPs exposure. Using IPA, the differentially expressed
proteins and metabolites were used to show a range of molecular
networks modulated by AuNPs. These include cellular comprom-
ise (degeneration), small molecule biochemistry, cell morphology,
cellular assembly and organization, cellular growth, and prolif-
eration (Table 3 and Figure 4).
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Table 2. List of de-regulated tentatively annotated metabolites in the cell extract.

Amino Acids

HMDB tags

glycine

HMDB00123

(R)-1,2-dimethyl-5,6-dihydroxy-tetrahydroisoquinoline

HMDB12484

5,6-Dihydroxyindole-2-carboxylic acid

HMDB01253

N-a-Acetylcitrulline

HMDB00856

Deoxyhypusine

HMDB11150

Glutathione HMDB00125
L-Glutamic gamma-semialdehyde HMDB02104
L-Isoleucine HMDB00172
L-Leucine HMDB00687

Iminoaspartic acid

HMDB01131

4-Hydroxy-L-proline

HMDB06055

amino acids catabolism

2-Keto-6-acetamidocaproate

HMDB12150

Propionylglycine

HMDB00783

5-Amino-2-oxopentanoic acid

HMDB06272

Carbohydrate metabolism

Propionylcarnitine

HMDB00824

Glutamate

1-Pyrroline-5-carboxylic acid

HMDB01301

1-Pyrroline-2-carboxylic acid

HMDB06875

Glutamate catabolism

(S)-Succinyldihydrolipoamide

HMDB01177

Fatty acids

Methylhippuric acid

E-transport

HMDB00859

Beta-Guanidinopropionic acid

HMDB13222

Trimethylamine N-oxide

Products of Protein degradation

HMDB00925

L-gamma-glutamyl-l-isoleucine

HMDB11170

L-gamma-glutamyl-I-leucine

HMDB11171

L-alpha-glutamyl-I-hydroxyproline

HMDB11161

other

4-Hydroxyproline

HMDB00725

N-Acetyl-L-alanine

HMDB00766

3-Hydroxy-L-proline

Vitamines

HMDB02113

1-Amino-2-propanol

HMDB12136

Pantothenic acid

HMDB00210

Melanin biosynthesis

L-dopachrome

HMDB01430

D-dopachrome HMDB11622
Plant hormone

cis-Zeatin HMDB12204
other

Bisdemethoxycurcumin

Gamma-glutamyl-L-putrescine

HMDB02114

HMDB12230

dCMP HMDB01202
unidentified unknown
unidentified unknown
unidentified unknown
unidentified unknown
unidentified unknown
unidentified unknown
unidentified unknown

5 nm AuNPs 30 nm AuNPs

t
log2.Fold change | log2.Fold change m/z rt(s)
76.039577 606.74
194.082349 606.78
194.082349 606.78
218.140162 474.96
218.140162 474.96
308.093231 465.78
132.077453 282.98
132.077453 282.98
132.077453 282.98
132.077453 282.98
132.077453 282.98
188.071774 548.34
132.077453 282.98
132.077453 282.98
218.140162 474.96
114.091882 579.15
114.091882 579.15
308.093231 465.78
194.082349 606.78
132.077453 282.98

76.039577

261.146124

261.146124 559.73
261.146124 559.73
132.077453 282.98

132.077453
132.077453

1.0663 0.0978 76.039577

606.74

0.2444 0.2150 220.119391 533.41
1.9865 0.0989 194.082349 606.78
1.9865 0.0989 194.082349 606.78
0.2444 0.2150 220.119391 533.41
0.6721 -0.0079 309.128799 640.65
0.3111 0.0663 218.140162 474.96
0.2819 0.3951 308.093231 465.78
0.4930 -0.0967 80.948179 301.19
0.5106 -0.1012 82.945235 300.95
0.3434 0.1163 96.922151 300.24
0.5903 -0.1402 138.907097 301.32
0.5683 -0.1239 140.904152 301.46
0.7859 -0.1193 331.110536 640.48
-0.3976 -0.0550 353.118900 683.30

Metabolites have been assigned HMBD tags and have been grouped according to their biological functions. Quantitative changes after
AuNPs treatment (5 nm AuNPs versus Ctrl and 30 nm AuNPs versus Ctrl) are reported (log 2-fold change) for individual metabolites.
Log 2 =0.58, thus the range was set from —0.58 to 0.58 and color-coded. Green M for <—0.58, black B for O and red [l for > 0.58. The

values in between are shown as color gradients. (For color table refer to the online version.)
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Table 3. Identified molecular networks using Ingenuity IPA.

Nanotoxicology, 2016; 10(6): 736-748

Network| Analysis | Molecules in Network Score | Focus Top Functions
Molecules
1 30nm | WACAT1, AAHCY,AMPK,caspase, AACCT2,CD3, WCGN, Wcreatine,creatine kinase, creatinine, 63 25 Cellular
AuNPs | WCTNND1, WCTTN, Wdelta-aminolevulinic acid, ADLAT,ERK1/2,F Actin, AGDI2, Wglutathione, compromise
Aglycine, Whomocysteine, WHSPD1, WIDH1, Insulin, VKIAA1598, AKLC4, WL-leucine, ¥ MDH2, (degeneration)
¢P4HB,PCK2,ProinsuIin,SDHA,succinate dehydrogenase, TCR, AVIL1,YWHAG
2 5nm WACAT1, AACO2, Vadenine, AAHCY,AMPK, AANXA2,caspase, creatine,creatine kinase, 53 22 Small
AuNPs | creatinine,Cyclin A, AAD-pantothenic acid, Vdelta-aminolevulinic acid, *DSGI, ANEEF1D, Molecule
WVENO1,ERK1/2, Wglutathione, Aglycine, Whomocysteine,Hsp70,Hsp90, \WHSP90B1,IgG, Insulin, Biochemistry
Vjup, WKHSRP, Wi-leucine,Ldh (complex), WLDHA,LDL, *MCM7,P38 MAPK, \¥PGK1,S0d
3 30nm ANACTBL2, @adenine,ANKRD11,APEXZ,ARHGAP8/PRR5-ARHGAP8,Ca2+,DGKE,DHX40,DNM3,DPYSL4, 30 14 Cell
AuNPs | WVEEALEGFR, NETFA, \VG3BP1, Agamma-glutamyl-leucine, WHOOK2,HOOK3, Morphology
W MED4,MRPL45,NOL6, W¥NUDC,0GFOD1, A\propionylcarnitine,PRRS, APSAT1,PXK,RAPH1,
ANRPLPO,SH2D4A, *SHSGLI,SLC17A7, ATKT, TMA16,UBC,VPS41
4 5nm ANACAA2, NACTBL2,ALB, *APEH, MNARHGEF7,ASCC3, *ATPSH,BEND3,C5AR1,DHX40,EPHA8, 30 14 Cellular
AuNPs ¢G3BP1,GNL2, *GSPTI,IFRDZ,ISTl,KRIl, *L—isoleucine,MRPL‘lS,NOL6, *NOMOI,NUFIPZ,OGFODl, Assembly and
*PDXDCI, ANPSAT1,PXK,RIOK2, Asulfate, ASULT1C2,TBL2, TMA16, *TMODB,UBC,UTPlS,YTHDFl Organization
5 5nm 24-hydroxycholesterol,7-ketocholesterol, ADSL,AICAR,Akt, 15 8 Cellular
AuNPs *AKTIP,ANKRDl,Apl,ATIC,EGFR,Fascin,FLNB, Agamma-glutamyl-leucine, GART,HIF3A, *HOOKZ, Growth and
WHSPA9,Ink, WLRPPRC,MUC1,NFkB (complex),NFKBIE,NMDA Receptor,Pdgfr,peptidase, Proliferation
WPFAS,Pkc(s),PPAT,PROM1, Apropionylcarnitine,STOM, WUBA1,Ube1-ubiquitin,Ubiquitin, VCAM1

The table reports the most significant molecular networks in response to 5 and 30nm AuNPs treatments, by analyzing the differentially
expressed proteins (listed in Table 1) and metabolites (listed in Table 2) from the cells. The network number, the list of all proteins and
metabolites involved in the network, the number of molecules overlapping between our data set, and the network and the top functions
related to the network are shown. Focus molecules are indicated in bold and de-regulation is indicated with a colored arrow (dark red

up-regulated, light green [: down-regulated). (For color table refer to the online version.)

Changes in the Caco-2 cells’ proteome and metabolome due
to AuNPs exposure are size specific, with 5nm AuNPs inducing
a more severe protein de-regulation compared with the 30 nm
particles. That can be explained considering the much higher
internalization of 5nm AuNPs when compared with the
30nm AuNPs one (Bajak et al., 2014). For both AuNPs sizes,
down-regulated proteins were mainly associated with cellular
growth and proliferation, whereas the proteins found mostly
up-regulated were involved in antioxidant activity and apoptosis.
This was particularly evident in the case of exposure to 5nm
AuNPs.

Interestingly, the proteins which were most strongly de-
regulated by 5 and 30 nm AuNPs were ACTBL2 that is involved
in cytoskeleton organization, HOOK2 responsible for vesicle
trafficking from early endosome to late endosome, PSAT1 and
ACAT1 involved in amino acid biosynthesis and ketone metab-
olism, respectively. G3BP1 involved in cellular response to stress
(Tourriere et al., 2003) was under-expressed in both AuNPs
treatments. On the contrary, AHCY was over-expressed by both
AuNPs treatment. AHCY belongs to the adenosylhomocysteinase
family and catalyzes the reversible hydrolysis of S-adenosylho-
mocysteine (AdoHcy) to adenosine (Ado) and L-homocysteine
(Hcy), thus regulating the intracellular S-adenosylhomocysteine
(SAH) concentration. In this regard, it has been shown that
SAH can promote apoptosis, inhibit migration, and adhesion (Li
et al., 2014).

Cell viability, oxidative stress, and survival mechanisms

Various, well-established in vitro assays to study cellular DNA
damage, inflammation, oxidative stress, and mitochondrial injury
have been largely used as measurement end points for assessing
NP-induced toxicity. However, the information obtained from
these assays is not sufficient to provide a detailed description of
the overall bio-responses or to highlight the critical biochemical
pathways which are affected by NPs exposure. On the other hand,
omics technologies, such as proteomics and metabolomics,
provide more mechanistic information.

Among the differentially expressed proteins found to be de-
regulated in our study, several are associated with cell viability and
survival mechanisms, including oxidative stress and apoptosis.

We have reported overexpression of VIL-1 in 5nm AuNPs
exposed cells, a protein that plays a key role in actin regulation, in
the organization, integration, and regulation of multiple epithelial
cell functions such as cell morphology, cell motility, and appears
to regulate cell death by maintaining mitochondrial integrity.
PCK2, ACAA2, and ARHGEF7 were found to be up-regulated by
the smaller AuNPs, whereas PAHB and HSPD1 were found to be
down-regulated by 5 nm AuNPs. At this regard, it has been shown
that PCK2 is over-expressed under stress condition, ARHGEF7
functions as a positive regulator of apoptosis, whereas ACAA2
abolishes BNIP3-mediated apoptosis and mitochondrial damage
(Mendez-Lucas et al., 2014). P4AHB has been reported to be
involved in the regulation of intrinsic apoptotic signaling pathway
in response to oxidative stress. Recent studies (Lee et al., 2014)
have shown that P4AHB is among the down-regulated proteins
involved in the endoplasmic reticulum stress response and
Nrf2-ARE signaling. HSPD1 is implicated in mitochondrial
protein import and macromolecular assembly. It also facilitates
the correct folding of imported proteins, preventing misfolding
and promoting the refolding and proper assembly of unfolded
polypeptides generated under stress conditions in the mitochon-
drial matrix.

UBAIL, which has a critical importance in regulation of
diverse cellular processes such as cell cycle and cell death,
was found to be down-regulated in cells exposed to 30nm
AuNPs. In addition, the expression of several proteins with
oxido-reductase function was modified in cells exposed to
5nm AuNPs (IDH1, MDH2, SDH4, and ETFA) and 30nm
AuNPs (LDHA).

Among the differentially expressed annotated metabolites,
propionylcarnitine (C-3 carnitine) and glycine levels were found
to be increased after exposure to both AuNP sizes. These
metabolites have already been reported as associated to the
apoptotic processes (Ankarcrona et al., 1995; Ferrara et al., 2005;
Halama et al.,, 2011). The integration of proteomics and
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(A) (B)

Figure 4. Molecular networks. De-regulated molecular networks in response to 5 or 30nm AuNPs exposure in Caco-2 cells (300 pM, 72h). The
networks are obtained by analyzing the differentially expressed proteins and metabolites (listed in Tables 2 and 3) using Ingenuity IPA. Identified de-
regulated proteins and metabolites involved in the network are highlighted in bold. The color indicate the de-regulation (red l: up-regulated, green [
down-regulated). (A) Cellular compromise (degeneration); (B) Small molecule biochemistry; (C) cell morphology; (D) cellular assembly and
organization; (E) cellular assembly and organization according to Table 3. (For color figure refer to the online version.)
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metabolomics data clearly confirmed that proteins and related
metabolites involved in carbohydrate metabolism and in stress
response were affected by AuNPs treatments. The decrease of
glycolytic rate can be correlated to the growth rate reduction.
Moreover, metabolomics analysis showed accumulation of gluta-
thione (GSH) in both 5 and 30nm treated cells, which is
considered a natural self-defense mechanism of cells to cope with
oxidative stress since GSH plays an essential role in maintaining
the intracellular redox environment. In addition, for 5 nm AuNPs
exposure, we noticed a decrease in the stress response proteins
HSPD1 and HSPA9, which function as chaperons. It is known that
in mammalian cells, chaperones present anti-apoptotic activity by
preventing caspase activation (Longo et al., 2015). Of interest, the
down-regulation is also observed of YWHAG known for its
capacity to protect cells against stress-induced apoptosis. Thus,
the lower abundance of these proteins reflects the apoptotic state
of cells that underwent AuNPs treatment, more enhanced in the
5nm AuNPs-treated cells.

To further confirm that apoptosis occurred in Caco-2 cells
exposed to AuNPs, the omics data were supported by florescence
microscopy analysis where over-expression of Annexin V and
nuclear fragmentation induced by AuNPs were evident and more
pronounced in the case of 5nm AuNPs. The findings were
supported by data obtained using an apoptosis-specific antibody
array. Results show that exposure to 30nm AuNPs reduces the
expression of anti-apoptotic BCL-2 family members, of CIAP-2
that is required to protect cells against TNF-a-induced apoptosis,
of several proteins of the IGFBP family and of sTNF-R2. Several
anti- and pro-apoptotic proteins are triggered by 30 nm AuNPs,
although we suggest that there is a balance among these elements
which prevent a massive activation of Caspase-3 (cas-3) in Caco-
2 cells exposed to AuNPs. Conversely, the effects of 5nm AuNPs
are more severe, thus cas-3 and cas-8 expression was found to be
significantly up-regulated. The established link between metab-
olism and apoptosis that we report here represents a novelty in the
area of NP-induced toxicity. We suggest that the metabolomics
signatures may be used as early biomarkers of apoptosis in in vitro
systems exposed to NPs.

Cell cycle, cellular growth, and proliferation

Our results reveal that the differences in cell growth already
evident by morphological analysis are reflected at protein
and metabolite level. YWHAG involved in G2/M transition of
mitotic cell cycle, MCM7, and NUDC were all down-regulated
in cells exposed to 5nm AuNPs. In addition, we report changes
in cellular amino acid levels. Exposure to both AuNP sizes
results in a decrease in amino acids such as L-leucine and
L-isoleucine, whereas glycine level is increased. As glycine is
biosynthesized starting from the amino acid serine, its change
in the metabolite profiles in treated cells is perfectly in accordance
with the increased expression of PSATI1, a phosphoserine
aminotransferase (Vi€ et al., 2008) involved in serine biosynthesis.

Cytoskeleton organization and cell adhesion

We show here that several proteins involved in cytoskeleton
organization and cell adhesion are de-regulated by AuNPs
exposure. We reported that both sizes of AuNPs trigger the up-
regulation of ACTBL2, a key protein in orchestrating cytoskeletal
reorganization and cell migration.

In addition, CTTN, which contributes to the organization of
the actin cytoskeleton and cell structure, together with CCT2,
known to play a role in vitro in the folding of actin and tubulin,
were de-regulated after 5Snm AuNPs exposure. Furthermore, the
de-regulation of VIL-1 of relevance is caused by the smaller
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AuNPs size. This protein which functions in the capping,
severing, and bundling of actin filaments is a dominant compo-
nent of the brush border cytoskeleton.

The exposure to the larger AuNPs decreases the expression of
TMOD3 which blocks the elongation and depolymerization of the
actin filaments at the pointed end. We also report a reduction in
the expression of several proteins involved in cell adhesion.
CTNNDI1 that was found to be strongly down-regulated after 5 nm
NPs exposure, is associated with, and regulates the cell adhesion
properties of C-, E-, and N-cadherins being, therefore, critical for
the surface stability. In this regard, we also noted a decrease of the
level of DSG1, a member of the cadherin cell adhesion molecule
superfamily, and of JUP, a member of the catenin protein family
involved in regulating the coordination of cell-cell adhesion,
following exposure to 5 and 30nm AuNPs, respectively.

Our work points out that exposure to AuNPs induces a severe
alteration at cytoskeleton and cell adhesion level. In addition, the
major proteins involved in these modifications were highlighted.

DNA synthesis and repair, protein synthesis, and amino acid
transport

Moreover, the proteomic data show that several proteins involved
in DNA synthesis and repair, protein synthesis, and amino acid
transport were also found de-regulated. At protein level, MCM7
and GSPT1 are down-regulated following exposure to 5nm and
30nm AuNPs, respectively. On the other hand, EEF1D was up-
regulated in cells exposed to 30 nm AuNPs.

Among the de-regulated metabolites, glutathione, a major
endogenous antioxidant produced by the cells, participating
directly in the neutralization of free radicals and reactive
oxygen compounds and having also a role in metabolic and
biochemical reactions such as DNA synthesis and repair, protein
synthesis, and amino acid transport, decreased in Caco-2 cells
exposed to both AuNP treatments. In this respect, changes in
glutathione metabolism level were already observed at gene
expression level (Bajak et al., 2014).

The expression of two proteins, ATIC and PFAS, involved in
purine biosynthesis, are found strongly decreased in cells exposed
to 30nm AuNPs.

Cell interaction and intracellular distribution of AuUNPs

The modifications observed at protein and metabolite level are
clearly due to intracellular accumulation of AuNPs (Bajak et al.,
2014; Gioria et al., 2014). In relation to this, it has been shown
that the uptake of AuNPs into mammalian cells occurs more
likely via endocytosis (Huefner et al., 2014). We report that
SH3GL1 and EAA1 proteins, both known to be involved in
endocytic transport, were found to be down-regulated in 5nm
exposed cells. In this respect, Renard et al. (2014) have shown the
important role of SH3GL1 in clathrin-independent endocytic
process. In addition, ANX2 was up-regulated in 30 nm AuNPs-
exposed cells and it was shown that ANX2 binds to endosomes
and functions in endosomal transport (Emans et al., 1993), a
process that is regulated by tyrosine 23 phosphorylation (Morel &
Gruenberg, 2009).

Taken together, the proteomic data not only suggest that the
intracellular uptake of AuNPs in Caco-2 cells is mediated by
endocytosis, but also allow the identification of key-player
proteins involved in this mechanism.

Conclusions

Recent advances in proteomics and untargeted metabolomics
technologies enable qualitative and quantitative analysis of a wide
range of biomolecules and thus allow the determination of their
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relative abundance between different biological conditions. Here,
we provide a well-designed, robust, and reliable methodology to
evaluate changes in the protein and metabolite profiles in vitro,
thus contributing to the progress in assessing NP-induced toxicity.
In addition, our work also aims at bringing metabolomics to a
similar level as that of the proteomics approach by working on the
workflow for data processing as well as on the harmonization of
the process.

We have shown that the integration of omics technologies
together with complementary methods offers not only a promising
tool to understand the toxicological behavior of nanomaterials but
could also enhance nano-drug development and allow the
identification of biomarkers for NPs-induced toxicity. Future
work aims at highlighting similarity among the de-regulated
biomolecules in different cell models exposed to diverse NPs.
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