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Journal of Integrated OMICS, JIOMICS, provides a forum for the publication of original research papers, preliminary 
communications, technical notes and critical reviews in all branches of pure and applied "-omics", such as genomics, proteomics, 
lipidomics, metabolomics or metallomics. The manuscripts must address methodological development. Contributions are 
evaluated based on established guidelines, including the fundamental nature of the study, scientific novelty, and substantial 
improvement or advantage over existing technology or method. Original research papers on fundamental studies, and novel sensor 
and instrumentation development, are especially encouraged. It is expected that improvements will also be demonstrated within 
the context of (or with regard to) a specific biological question; ability to promote the analysis of molecular mechanisms is of 
particular interest. Novel or improved applications in areas such as clinical, medicinal and biological chemistry, environmental 
analysis, pharmacology and materials science and engineering are welcome. 
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1. Introduction 

Arabidopsis thaliana (A. thaliana) is a plant discovered in 
the sixteenth century by Johannes )al in the Harz Moun-
tains (Germany). It is a member of the mustard 
(Brassicaceaeor Cruciferae) family of dicotyledonous plants, 
which includes species such as cabbage and radish. A. thali-
ana is an annual herbaceous plant native to Europe, Central 
Asia and Northwest Africa [1], although it has been natural-
ized in many other places [2]. )e location of its growth is 
responsible for the observed di6erences in A. thaliana life 
cycles that are re7ective of genetic variation [3], a6ecting 
characteristics such as 7owering time, natural variation, plant 
growth, among others [4,5]. A. thaliana has a rapid life cycle 
corresponding to approximately 6 weeks from germination to 
maturity. 

According to Pigliucci, 7owering time and seed dormancy 
are key traits that determine the timing and length of the A. 
thaliana natural life cycle [6]. Alvarez-Buylla et al. studied 
processes and stages of A. thaliana 7ower development using 

molecular genetic studies and genomic studies [7]. Based on 
research involving comparative and evolutionary approaches 
derived from A. thaliana studies, it is possible to establish a 
method for studying the molecular basis of diverse 7oral 
morphologies. When di6erent A. thaliana species are grown 
together under similar environmental conditions, genetic 
variation can be observed for many traits [8]. 

Many di6erent natural accessions of Arabidopsis thaliana 
have been collected, and researchers from around the world 
are using these to uncover complex genetic interactions, such 
as those underlying the plant’s responses to its environment 
and the evolution of morphological traits. )e phenotypic 
variation for morphological and physiological traits is abun-
dant and enables almost every Arabidopsis accession to be 
distinguished from accessions collected at di6erent locations. 
)ese genetically distinct variants are commonly referred to 
as ecotypes in the scientiAc literature. )e distribution range 
of Arabidopsis is limited by low spring and autumn tempera-
tures and high temperatures with low precipitation in sum-
mer [9]. )us, this plant is an ideal model system for studying 
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Arabidopsis thaliana is a small, 7owering plant that is widely used as a model organism in plant biology, mainly because it is the Arst plant to 
have its entire genome sequenced. It has since proven to be an ideal organism for studying plant development. Arabidopsis is commonly used 
as a model plant for genomics, metabolomics and proteomics studies, and more recently it has been utilized in metallomic studies. Because of 
its widespread applications, many methods for Arabidopsis sample preparation, analytes separation and data quantiAcation have been ex-
plored. )is review brie7y describes the Arabidopsis thaliana characteristics, the developed researches and the primary methods using this 
plant in di6erent Aelds of OMICS. In the future, the availability of Arabidopsis genomic information may result in its continuous development 
for nanoparticles and metallomics studies. 
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natural variation. 
Considering the ideal characteristics of A. thaliana , to-

gether with the fact that it was the Arst plant to have its ge-
nome completely sequenced [10,11], it is easy to understand 
why the Aeld of OMICS technologies uses A. thaliana as a 
model plant for biological, biochemical, physiological, toxi-
cological and others researches. Because of the canonical 
relationship of gene to transcript to protein, the three OM-
ICS platforms involving genomics, proteomics and metabo-
lomics are inherently complementary, facilitating the detec-
tion and identiAcation of many molecules that are expressed 
in di6erent organisms [12]. Applying these integrated OM-
ICS platforms, DNA, RNA, proteins, peptides, lipids and 
metabolites are currently detected and measured in di6erent 
samples  

)e present review highlights A. thaliana research, speciA-
cally taking into account OMICS approaches, such as ge-
nomics, proteomics and metabolomics. Additionally, some 
trends regarding the application of this plant for metallomics 
and nanoparticles studies are brie7y discussed, suggesting 
that both basic and applied science and all up-to-date tech-
nologies are needed to gain new insight and the most accu-
rate information from a studied system. Fig. 1 shows a gen-
eral scheme of commonly applied procedures for OMICS 
analysis using A. thaliana, of which the most important steps 
are as follows: 1) extraction and puriAcation of the analyte 
(genes, proteins and metabolites); 2) separation of interest-
ing species by Polymerase Chain Reaction (PCR), two-
dimensional polyacrylamide gel electrophoresis (2-D 
PAGE), two-dimensional di6erence gel electrophoresis (2-D 
DIGE), chromatography, etc.; and 3) identiAcation of inter-
esting species by mass spectrometry (MS), nuclear magnetic 
resonance (NMR), Fourier transform infrared spectroscopy 
(FTIR), etc. )e extraction and puriAcation method as well 

as the analytical technique used for separation and identiA-
cation are chosen according to the objective of the research. 

2. Genomics studies 

Arabidopsis thaliana was the Arst plant and the third mul-
ticellular organism aWer Caenorhabditis elegans [13] and 
Drosophila melanogaster [14] whose genome was completely 
sequenced [10,11]. To assist biological investigations and to 
deAne chromosomal structure, a coordinated e6ort to se-
quence the A. thaliana genome was initiated in late 1996, led 
by a consortium of researchers based mainly out of academic 
institutions in the USA, Europe and Japan (AGI) [11]. Sepa-
rate teams within the consortium worked on di6erent chro-
mosomes, using distinct procedures [15]. Today, the Ara-
bidopsis community is a diverse group of scientists and in-
volves universities, research institutes and private compa-
nies. 

Knowledge of the complete genomic sequence and a huge 
collection of gene disruptions provides a research resource 
that is unique for higher plants [16]. )ree papers presenting 
the DNA sequence of the gene-rich regions on chromosomes 
1, 3 and 5 of A. thaliana [17–19] were published Arst, fol-
lowed by papers in which chromosomes 2 and 4 were de-
scribed, altogether providing an overview on the A. thaliana 
sequence [20,21]. 

)e initial identiAcation of transcriptional units in the A. 
thaliana genome sequence was carried out largely by ab initio 
gene predictions, sequence homology, sequence motif analy-
sis, and other non-experimental methods [11,17–21]. )e 
Institute for Genomic Research (TIGR) launched a reanno-
tation e6ort [11], employing the latest annotation tools and 
resources and applying uniform annotation protocols across 
the entire genome, with the goal of improving annotation by 

Figure 1. General scheme of common procedures applied for OMIC analysis using A. thaliana. 
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reAning gene structure and gene function assignments. )e 
Anal TIGR genome reannotation release contains annota-
tions for 26,207 protein-coding genes [22]. )e completed 
sequence of a plant nuclear genome yielded a high number 
of insights, particularly when comparing it with the complet-
ed genomic sequences of other species available at the time, 
namely Caenorhabditis elegans and Drosophila melano-
gaster. A. thaliana had many families of new proteins but also 
lacked several common protein families, indicating that 
these sets of common proteins had undergone di6erential 
expansion and contraction in the three multicellular eukary-
otes [11]. 

Although its agronomic signiAcance is little, A. thaliana 
has been widely used in plant biology, o6ering important 
advantages for basic research in genetics and molecular biol-
ogy. It was chosen as a genetic plant model because of its 
short generation time, abundance of seeds, conveniently 
short height and solid history in genetics studies. Further-
more, this species has a small nuclear genome (114.5 Mb/125 
Mb total), extensive genetic and physical maps of all 5 chro-
mosomes, low repetitive DNA content and simple genetic 
transformation using Agrobacterium tumefaciens [23]. Se-
quence analysis of the 125-Mb nuclear genome of A. thaliana 
has uncovered 26,207 protein-coding genes, representing 
approximately 11,000 gene families. Of these genes, approxi-
mately 40% have unknown cellular roles, and an established 
phenotypic function has only been found in approximately 
5% [10]. )us, the wide use of A. thaliana in genetic and 
molecular studies has generated an extensive collection of 
point mutations, knockouts, knockdowns, over-expressers 
and other mutant lines. 

Quantitative information for the identiAed proteins was 
used to establish correlations between transcript and protein 
accumulation in di6erent plant organs. A proteome map for 
A. thaliana was assembled from high-density, organ-speciAc 
proteome catalogs generated for di6erent organs, develop-
mental stages, and undi6erentiated cultured cells. )e 86,456 
unique peptides were matched to 13,029 proteins, providing 
the expression evidence for 57 gene models. Moreover, pro-
teome analysis identiAed organ-speciAc biomarkers and ena-
bled the compilation of an organ-speciAc set of proteotypic 
peptides for 4,105 proteins [24]. 

)e 7owering plant A. thaliana has been an important 
model system for identifying genes and determining their 
functions. Analysis of the genetic magnitude of natural vari-
ation within A. thaliana led to the discovery of novel func-
tions of genes regarding a particular trait and the further 
characterization of previously identiAed genes [3]. Until re-
cently, Arabidopsis was considered to have low levels of ter-
penoids (approximately 30 terpene synthase genes) [25], 
however, recent analysis has revealed the presence of ses-
quiterpenes in its 7owers and monoterpenes in its roots [26]. 
Although the levels of terpenes are very low, the presence of 
these genes indicates that A. thaliana remains a suitable ge-
netic model, especially for the study of the central pathways 
of terpene biosynthesis [27]. 

)e deAnition of gene functions requires the phenotypic 
characterization of genetic variants. )e availability of the A. 
thaliana genome sequence, increased use of large-scale se-
quencing, and improvements in the resolution of phyloge-
netic relationships make it an appropriate time to begin de-
veloping additional resources. )e Arabidopsis proteome 
map provides information about genome activity and prote-
ome assembly and it is available as a resource for plant sys-
tems biology [24]. 

In this sense, computational modeling has an important 
role in revealing genome-wide regulatory mechanisms. Us-
ing these programs, several-thousand new genes and pseudo
-genes were added, and approximately one-third of the origi-
nally annotated gene models were signiAcantly reAned, 
yielding improved gene structure annotations. Additionally, 
each protein-coding gene was manually inspected and classi-
Aed using Gene Ontology terms [22]. Complete and partial 
gene structures identiAed by this method were used to im-
prove )e Institute for Genomic Research Arabidopsis ge-
nome annotation (TIGR release v.4.0). 

Access to the A. thaliana genomic sequence a6orded a 
better understanding of the plant’s developmental and envi-
ronmental responses and allowed the structure and dynam-
ics of plant genomes to be assessed [28–31]. )is popular 
model plant is increasingly used to investigate questions in 
evolution and ecology; therefore, it is essential to understand 
patterns of natural genetic variation and to understand the 
dynamics of wild populations at a scale relevant to single 
plants [32,33]. )e sequencing of complete genomes has 
advanced the understanding of biological systems and estab-
lished a series of technologies for the analysis of gene func-
tions, increasing information about the theoretical protein-
coding capacity of organisms. )e A. thaliana genome has 
been mined for clues to numerous important metabolic 
pathways and biological processes, many of which are docu-
mented in peer-reviewed publications, including the Ara-
bidopsis Book [34]. One review [35] summarized the progress 
made during the past Ave years and speculated on the future 
developments in A. thaliana research and the implications of 
these developments for crop science. 

3. Proteomics studies 

Gene sequence information is not enough to provide sig-
niAcant biological knowledge regarding an organism. Prote-
omics, which is deAned as the quantitative and exhaustive 
analysis of proteins expressed in a given organ, tissue, or cell, 
is becoming a more powerful and indispensable technology 
in the study of biological systems. )e analysis of all ex-
pressed proteins provides complementary information about 
genome structure, activity, and regulation. Additionally, 
proteomics can provide information about post-translational 
protein modiAcations involved in developmental control and 
environmental responses. )us, proteomic approaches are 
helpful for answering questions of protein function [36,37]. 

In recent years, the rapid progress in the determination, 
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quantiAcation, identiAcation and comprehension of proteins 
has been possible due to the use of model organisms such as 
A. thaliana. Improvements in the techniques for proteomics, 
including plant proteomics, based on existing platforms such 
as 2-DE, 2-LC and MS and some new techniques, including 
tandem aZnity and protein chips, have been observed [38–
47]. 

)e availability of the entire genomic sequence of A. thali-
ana provides unique opportunities for the use of a post-
genomic tool such as proteomics in its full capacity [11,17–
22,48,49]. Research involving A. thaliana proteomics has 
made progress in the past few years, analyzing the proteome 
of the whole plant and at the level of organs, tissues and or-
ganelles. )is progress has generated important data sets 
characterizing the protein-protein interactions, organelle 
composition, protein activity patterns and protein proAles of 
this plant [24,28,50–54]. Proteome analysis has proven to be 
an e6ective tool not only for analyzing the responses of 
plants to environmental stresses, including drought, salt, and 
high and low temperatures but also for allowing the analysis 
of di6erential gene expression at the protein level [38,55–
57]. 

)e number of distinct proteins that can be identiAed 
from complex samples has been increased by the use of shot-
gun proteomics, a gel-free liquid chromatography tandem 
mass spectrometry (LC-MS/MS) analysis, compared to tradi-
tional gel-based approaches [36,46,58–60]. However, there is 
no single standardized procedure for the analysis of all pro-
teins and metabolites because these are highly diverse and 
biochemically heterogeneous [37]. 

One of the major problems in analyzing a complex materi-
al such as a plant leaf sample is the dynamic range of protein 
abundance and the lack of similarity of the protein content 
in various cell types of one organism. )is di6erence is re-
sponsible for a great diversity of cells and can occur in re-
sponse to various stimuli and in di6erent cellular compart-
ments [61,62]. )e use of multiple model organisms increas-
es proteome research; furthermore, insight into plant prote-
ome dynamics and cell functions are rapidly increased with 
the use of model plants, such as A. thaliana and rice (Oryza 
sativa), that have relatively small genomes. A. thaliana has 
been applied in several of the most comprehensive studies 
using di6erential-relative and absolute-quantitative strate-
gies to enhance genome annotation, proAle organelles, tis-
sues, cells or sub-cellular proteomes, and investigate devel-
opmental processes and responses to biotic and abiotic 
stresses [36,37,62]. 

)is contribution as a model organism for plants and the 
increasing impact of proteome research is re7ected in the 
recent increase of proteomic studies using di6erent proteo-
mic techniques to accomplish the separation and evaluation 
of proteins from crude tissue extracts to further analyze this 
plant. )ese techniques are 2-dimensional electrophoresis (2
-DE), 2-dimensional di6erence gel electrophoresis (2-D DI-
GE) and liquid chromatography (LC), followed by the iden-
tiAcation and characterization of the proteins by mass spec-

trometric techniques (MS) [38,39,41–43,63–65].  
It is important to remember that the results of any experi-

ment are dependent on the condition of the starting materi-
al. )erefore, choosing the appropriate sample preparation, 
based on the subsequent analytical technique and the re-
search objectives, is crucial for obtaining signiAcant and 
trustworthy results. Sample preparation is of particularly 
great importance in comparative proteomics because there 
are oWen only minor di6erences between experimental and 
control samples [61,66–69]. Currently, methods to simplify 
complex protein mixtures prior to using separation tech-
niques have been proposed, enabling more discrete samples 
to be analyzed. )ese methods include sample fractionation 
and protein enrichment techniques, such as proAling isolat-
ed cell organelles and sequential extraction for the selective 
removal of the most abundant proteins or interfering com-
pounds [41,66–70]. 

One of the most commonly applied techniques in proteo-
mic analysis is the traditional 2-DE. )is method is based on 
orthogonal separation of proteins according to their pI, mo-
lecular weight, solubility and relative abundance. )e num-
ber, resolution and reproducibility of spots visualized on a 2-
DE map depends to a great extent on the tissue sample and 
the protein extraction protocol [39,43,56,62,63,71,72]. For 
plant proteomic analysis, the presence of large amounts of 
non-protein components and lower protein content 
(compared to bacterial or animal tissues) requires custom-
ized experimental strategies for each plant to avoid compro-
mising 2-DE separations. For this reason, simple protein 
extraction protocols are advisable [38,56,71,73–78]. 

)e most universal protocol for plant tissue analysis rec-
ommends protein precipitation aWer tissue homogenization. 
TCA-acetone, TCA-phenol or TCA-methanol precipitation 
methods or a protocol based on a combination of TCA-
acetone precipitation followed by methanol washing and 
phenol extraction have been used and reported [74–81]. 
Variants of these methods have been previously used in the 
analysis of the A. thaliana proteome. For example, Maldona-
do et al. evaluated changes in the proteome of A. thaliana 
leaves as a response to Pseudomonas syringae by comparing 
three precipitation protocols for protein extraction using 2-
DE: TCA-acetone, TCA-acetone + phenol, and phenol only. 
)e quantity and intensity of observed spots were dependent 
on the protocol used. )e TCA-acetone + phenol protocol 
provided the best results in terms of reproducibility as well 
as the ability to focus and resolve the intensity of spots and 
to detect the presence of a single spot [77]. 

A number of modiAcations related to 2-DE extraction 
methods have been published, focusing on reproducible re-
sults and how to obtain a good extraction of proteins from 
plant samples, remove interferences, and preserve proteins 
in solution [41,62,67,68,71,73,81]. For example, the low 
abundance of a protein present in a plant leaf sample may be 
interfered with by the presence of ribulose bisphosphate car-
boxylase/oxygenase (RuBisCo), the most abundant plant leaf 
protein. )e presence of this protein not only limits the dy-
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namic resolution and yield but also a6ects the electrophoret-
ic migration of neighboring protein species, hampering a 
deep analysis of the leaf proteome [41,67,68,82]. However, 
there are some methods for removing RuBisCo, such as 
those utilizing polyethylene glycol (PEG) [68,82], DTT [83], 
or the immunocapture of RuBisCo (RuBisCo-IgY aZnity) 
[82], as well as Ca2+ plus phytate for its precipitation [66]. 
Kim et al. tested the eZciency of the protamine sulfate pre-
cipitation (PSP) method for the depletion of large and small 
RuBisCo subunits (LSU and SSU) in A. thaliana, rice, and 
maize leaf proteins and provided a novel method for Ru-
BisCo depletion [67]. Espagne et al. described a simple mo-
bility shiW method for the large subunit of RuBisCo in the 
Arst dimension. Using a mixture of ampholine-bu6er con-
taining both 4–7 and 3–10 immobilines enabled the charac-
terization of previously undetected protein spots [71]. 

ProAling isolated cell organelles is another method for 
simplifying complex protein mixtures before their separation 
by 2-DE. )is strategy has been essential for understanding 
the biogenesis and function of these plant organelles and for 
learning that each compartment is enclosed by a unique 
complement of proteins. To achieve this proAling, it is nec-
essary to have reliable isolation and puriAcation techniques 
for the cell compartment because many proteins may be lost 
during these procedures [41,84,85]. Using Triton X-114 
phase partitioning, Prime et al. characterized the presence of 
peripheral and integral membrane proteins in a callus cul-
ture of A. thaliana. A database of mitochondrial, endoplas-
mic reticulum, golgi/prevacuolar compartment and plasma 
membrane markers were generated with these results, ena-
bling the deAnition of speciAc proteins at the A. thaliana 
callus culture plasma membrane [84]. 

In another study, Arabidopsis thaliana seedlings grown in 
liquid culture were used to recover proteins secreted from 
the whole plant. )e inclusion of water-insoluble polyvinyl-
polypyrrolidone (PVPP) in the protocol for the puriAcation 
of secreted proteins in the culture media led to the identiAca-
tion of a new set of apoplastic proteins, which may have been 
lost during classical extraction procedures. )e role of PVPP 
was to trap phenolic compounds and to prevent their unspe-
ciAc interactions with proteins [41]. Fukao et al. reported a 
method of isolating leaf peroxisomes using 2-DE for under-
standing the tissue-speciAc expression of leaf peroxisomal 
proteins. A protein map of leaf peroxisomes from greening 
cotyledons of A. thaliana was built from di6erent cotyledons 
protein fractions obtained aWer the extraction procedure. 
)e activities of catalase and cytochrome c oxidase and the 
content of chlorophyll (Chl) were obtained from each frac-
tion, which were proposed as markers of leaf peroxisomes, 
mitochondria and chloroplasts, respectively. Additionally, 
leaf peroxisomes were well separated from mitochondria and 
chloroplasts, which were present at a high purity and con-
centration [85]. 

)e high resolution of 2-DE separations makes this meth-
odology the most-used platform for proteomic studies. 
However, some diZculties with this method have been re-

ported, such as poor reproducibility, the necessity of skilled 
analysts, and the subjective interpretation of the data ob-
tained through the digitized images of the spots. )e lack of 
reproducibility is frequently attributed to the sample prepa-
ration method and natural variations of biological samples 
and also to the electrophoretic system itself [40,65]. In such 
cases, the use of 2-D DIGE increases sensitivity and repeata-
bility compared with 2-DE. Two di6erent samples can be 
run together on the same gel, minimizing the problems men-
tioned above. Furthermore, 2-D DIGE enables the detection 
of low-abundance proteins because it is based on 7uorescent 
cyanine dyes, which have higher sensitivity compared with 
other dyes, such as Coomassie Brilliant Blue (CBB) and sil-
ver staining [38,40,60,65,86,87]. 

In recent years, an increase in 2-D DIGE application as a 
supporting proteomic method in expression proAling has 
been observed. Following the manufacturer’s instructions, 
sample protein extraction protocols are similar to those ap-
plied in 2-DE. General applications are focusing on the dis-
covery of biomarkers in a wide variety of situations [88] as 
well as assessing proteomic changes based on stress condi-
tions, genetic modiAcations [38,89,90], salt [91–93], drought 
[94], high and low temperatures [95], and metal addition 
[38,96,97], among others [40,86,98,99]. 

Studies from Casasoli et al., using 2D-DIGE separation 
and MS identiAcation, showed that oligogalacturonides 
(OGs) induced changes in nuclear protein abundance and in 
the apoplastic proteins of A. thaliana seedlings because the 
plants perceived the OGs as indicators of the presence of 
pathogens. )e nuclear proteins responding to the OG treat-
ment were mainly involved in the protein translation ma-
chinery and translation regulation, suggesting a general re-
programming of the plant cell metabolism in response to 
OGs. Additionally, the di6erentially expressed apoplastic 
proteins identiAed, obtained by a vacuum inAltration-based 
protocol, included proteins involved in the recognition of 
OGs and proteins whose post-translational modiAcations 
(PTMs) are regulated by OGs [60,86]. Ge et al. proposed a 
model that detailed the possible mechanisms for apoplastic 
proteins in pollen germination and pollen tube growth of A. 
thaliana pollen grains. )rough the results produced by 2-D 
DIGE, LC–MS/MS and bioinformatics tools, the authors 
observed and identiAed global changes of the apoplast prote-
ome during A. thaliana pollen germination and pollen tube 
growth. Additionally, the subcellular localization of three 
randomly selected di6erentially expressed proteins was also 
determined [40]. Holzmeister et al. infected wild-type and S-
nitrosoglutathione (GSNO-reductase) knock-out A. thaliana 
plants with both avirulent and virulent pathogenic strains of 
Pseudomonas syringae. )e authors investigated the im-
portance of nitric oxide (NO) in the plant defense response 
through a proteomic analysis of the above-mentioned sys-
tem. )e use of 2-D DIGE and MS enabled the identiAcation 
of proteins that are di6erentially accumulated during the 
infection process and a detailed proteomic analysis of the 
plant defense response [99]. 
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)e use of High Performance Liquid Chromatography 
(HPLC) followed by protein identiAcation and characteriza-
tion by MS in plant proteomic analysis demonstrated that 
basic, hydrophobic and membrane-spanning proteins have a 
greater chance of being separated, provided that they can be 
obtained for analysis. HPLC separates analytes using two 
immiscible phases or layers, one of which is held stationary 
while the other moves over it [47,100]. A variety of chroma-
tographic modes have been developed and are used depend-
ing on the analytes: protein isolation and puriAcation using 
ion-exchange (AEX), hydrophobic interaction chromatog-
raphy (HIC), aZnity chromatography (AC), reversed-phase 
(RP-HPLC) and/or size exclusion chromatography (SEC) 
[101–103]. )e AEX, HIC and RP-HPLC modes are also 
used for peptide analysis [59,72,101,104–107]. )e chroma-
tographic modes are based on several di6erent mechanisms; 
RP-HPLC is used for the separation of neutral species on the 
basis of hydrophobicity, AEX is used for the separation of 
ionic solutes on the basis of charge, SEC is used for the sepa-
ration of molecules on the basis of di6erences in molecular 
size, and AC is used for the separation of biomolecules on 
the basis of the lock-and-key mechanism prevalent in bio-
logical systems [100]. 

Zolla et al. proved that the use of intact mass measure-
ments (IMMs), performed by coupling RP-HPLC on-line 
with electrospray ionization mass spectrometry (ESI-MS), is 
an attractive alternative for monitoring the subtle changes 
that oWen accompany physiological adaptations of plants in 
terms of the concentration of components, measured by the 
integration of the chromatographic peak. )is study report-
ed the relative molecular mass (Mr) for all photosystem I 
(PSI) proteins in ten plant species, including A. thaliana, 
separated by RP-HPLC and identiAed by either in-solution 
trypsin digestion with peptide fragment Angerprinting or the 
close correspondence between the actual IMMs and those 
predicted from the DNA sequence [103]. 

Typically, the most common application of HPLC is high-
throughput peptide analysis, due to its coupling with MS/
MS. In this case, the protein content of a biological mixture 
is digested prior to separation and analysis. )e MS/MS 
spectra obtained are searched against a protein database to 
identify peptides in the sample. Shotgun proteomics per-
formed on a subcellular organelle enables the deAnition of 
the organelle proteome and can lead to novel insights into 
intracellular protein traZcking and sorting [59,69,104,105]. 
For example, Mitra et al. developed an e6ective chloroform 
extraction method to improve plasma-membrane protein 
identiAcation. Rather than traditional solid-phase extraction 
(SPE), the authors used chloroform extraction prior to o6-
line AXC and RP-HPLC tandem LC/MS/MS analysis, facili-
tating the removal of chlorophyll a and b and trypsin used in 
the digestion and increasing the number of unique peptides 
for plasma-membrane protein identiAcation [69].  

Multidimensional separations are emerging methods de-
signed to increase the resolution power of protein separa-
tion, which use o6-line or on-line systems, each with speciAc 

advantages and limitations [104,108]. For example, a method 
combining sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel separation with RP-HPLC-MS/
MS has been used. In this method, proteins are Arst separat-
ed by size on standard polyacrylamide gels or by isoelectric 
point on IPG strips. AWer separation, the gel slice is treated 
similarly to spots excised from 2D gels, and the peptides are 
separated on an RP column coupled with MS/MS. Variants 
of these methods have been used in the analysis of the A. 
thaliana proteome [59,106,109]. Batailler et al. carried out a 
proteomic survey of the phloem exudates of A. thaliana, col-
lected by the ethylenediaminetetra-acetic acid (EDTA)-
facilitated method. Phloem sap proteins of A. thaliana were 
separated by SDS–PAGE. )e gel was stained, and bands 
distributed along the entire length of the lane were excised 
and subjected to manual in-gel digestion. AWer separation, 
the extracts were analyzed by HPLC-MS/MS [109]. To gain 
insight into the systemic responses of plants to local viral 
infection or wounding, Niehl et al. performed protein proAl-
ing of distal, virus-free leaves four and Ave days aWer local 
inoculation of A. thaliana plants with either oilseed rape 
mosaic virus or inoculation bu6er alone. Using the system 
described above, they revealed biomarkers for systemic sig-
naling in response to wounding and viral infection in A. 
thaliana [106]. 

)ere has recently been increased attention paid to plant 
proteomics, exempliAed by the above-mentioned e6orts con-
cerning plant-speciAc tissues and organelles. Additionally, 
the search for possible biomarkers includes evaluating the 
responses to various biotic and abiotic factors in biological 
systems, using genetic-model plants such as A. thaliana. For 
this task, proteomics requires three key steps: high-quality 
extraction, separation, and visualization of complex protein 
mixtures from crude extracts; identiAcation and characteri-
zation of the separated proteins by MS; and database search-
es. In conclusion, the use of proteomic techniques is critical 
for plant studies and helps elucidate several key aspects of 
the metabolic regulation of essential processes. )e genera-
tion of plant proteome maps, including the identiAcation of 
low-abundance proteins, requires e6ort in the most critical 
proteomic steps, protein extraction and sample preparation, 
as well as the integration of data obtained through the tech-
nologies developed for high-resolution protein separation 
and rapid, automated protein identiAcation. 

4. Metabolomics studies 

)e metabolome represents the collection of all metabo-
lites in a cell, tissue, organ or organism, which are consid-
ered the end products of cellular processes [110]. )us, 
metabolomics is the study of chemical processes involving 
metabolites, intermediates and products of metabolism. )e 
large-scale analysis of metabolites in biological samples 
(metabolomics) has received increased attention in recent 
years as a complement to the large-scale analysis of gene 
transcription and proteins. )e usual aim of metabolomic 
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studies is to quantify the entire metabolome in biological 
samples; because metabolomic correlations complement the 
information about changes in metabolite levels, these data 
may help elucidate the organization of metabolically func-
tional modules. 

Plant metabolomics is the study of predominantly low-
molecular weight metabolites within cells, tissues or organ-
isms, and it is a widely applied approach for the elucidation 
of gene function in a wide range of plant species [111]. In 
plant-based metabolomics, it is common to refer to 
"primary" and "secondary" metabolites. Primary metabolites 
are directly involved in the normal growth, development, 
and reproduction of the plant and are extremely essential to 
live. Unlike primary metabolites, secondary metabolites are 
not directly involved in those processes, and their absence 
does not result in a sudden death; however, secondary me-
tabolites can in7uence the long-term survivability of the or-
ganism, impair fecundity, or a6ect aesthetics [112]. 

Plants produce and accumulate a wide variety of second-
ary metabolites via processes in which precursor structures 
are modiAed through biochemical steps driven by di6erent 
classes of enzymes. Small 7uctuations in the metabolome 
across independent plants may provide information regard-
ing the build-up of a metabolic network [113–116]. 

Deciphering the metabolome is essential for a better un-
derstanding of cellular metabolism as a system. Metabolom-
ics has been utilized not only to investigate plant metabolism 
but also to identify unknown gene functions by comparing 
the proAles of wild-type and genetically altered plants and of 
plants during various developmental stages [113,114,117–
119]. Metabolomics studies have demonstrated their robust-
ness in metabolic engineering, process engineering, bi-
omarker discovery, and the functional characterization of 
novel genes. Furthermore, metabolomics represents one of 
the most powerful tools to probe the overall e6ects of gene 
down-regulation and knockout in transgenic plants at all 
stages of growth and development. 

In plant species, 50,000 metabolites have been character-
ized, and Medicago truncatula and A. thaliana are the main 
models regarding metabolomics projects [113,116,120–122]. 
)e physical and chemical properties of metabolites are 
highly variable because metabolites include many di6erent 
types of compounds, such as amino acids, fatty acids, carbo-
hydrates, and organic acids.  

In metabolomics studies, eZcient and reproducible proto-
cols for the extraction and analysis of metabolites are applied 
to maximize the number and amounts of metabolites ex-
tracted and minimize analytical variations. )ese well-
developed protocols have led to the acquisition of large 
amounts of information on the composition of A. thaliana 
metabolites [123]. )e most common method used for the 
extraction of metabolites in this plant is one based on shak-
ing the sample at low or high temperatures in organic sol-
vents or in mixtures of solvents [6–8]. For polar metabolites, 
methanol, ethanol, and water are oWen used, while chloro-
form is the most commonly applied solvent for lipophilic 

compounds. 
Metabolome analysis has already been reported using nu-

clear magnetic resonance (NMR) [5,6], Fourier transform 
infrared spectroscopy [7], pyrolysis/electron impact-mass 
spectrometry (pyrolysis/ EI-MS) [8], gas chromatography/
electron impact-mass spectrometry [9], electrospray mass 
spectrometry (ESI-MS) [12] and ESI-MS coupled with liquid 
chromatography (LC/MS) [10,11,13]. Analysis by GC-TOF/
MS (gas chromatography time-of-7ight mass spectrometry) 
and GC-EI/MS (gas chromatography electron ionization 
mass spectrometry) are the most applied techniques in A. 
thaliana metabolic studies, and a reliable protocol for analysis 
has been generated with a relatively limited number of ex-
periments [68,69,70]. )ese approaches are invaluable for 
the study of metabolomics in Arabidopsis, due to their high 
reproducibility and the short, constant time between sample 
preparation and analysis, and have led to the identiAcation 
of many metabolites. 

)e application of analytical methods using A. thaliana as 
a model plant is mainly focused on genetic studies 
[114,124,125], gene function elucidation [111,126], and, in 
most applications, understanding the expansion of metabo-
lite correlation to gene-expression correlation and studying 
mediated defenses against biotic and abiotic stresses 
[114,119–121,126-128].  

)e metabolomics-based screening method is useful for 
the rapid characterization of novel genes in both A. thaliana 
and rice [129]. Screening A. thaliana lines over-expressing 
rice full-length (FL) cDNAs (rice FOX A. thaliana lines) with 
gas chromatography was carried out to identify rice genes 
that caused metabolic changes. Using this technique, it was 
discovered that the function of LBD37/ASL39 is likely con-
served between the dicot and monocot model plant species 
(A. thaliana and rice). For more details on gene expression, a 
review discussing the study of gene-function relations using 
the over-expression of Saccharomyces cerevisiae and Esche-
richia coligenes cDNAs in A. thaliana is suggested [130]. 

Using A. thaliana as a model plant, statistical methods 
have been performed on metabolomics data. A large amount 
of microarray data is available, making it easier to build gene 
coexpression databases [131] and to survey the organization 
of the transcriptome [132–134]. For example, similarities 
and dissimilarities in metabolomics correlations were inves-
tigated by GCTOF/MS in the aerial parts of 3 A. thaliana 
genotypes: Col-0 wild type (WT), methionine-over accumu-
lation 1 (mto1) and transparent testa 4 (tt4). Multivariate 
statistical analyzes showed the distinct metabolomes of these 
plants, provided complementary information on metabo-
lomic correlations about changes in the main metabolite 
levels, and helped elucidate the organization of metabolically 
functional modules [120,135]. Regarding the transcript lev-
els, microarray data have collaborated in the evolution of 
metabolomic studies. )e application of MANOVA 
(Multivariate Analysis of Variance) has allowed researchers 
to handle multifactorial experimental designs and has re-
vealed clear trends of biological interest. For example, 
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MANOVA has been applied to analyze A. thaliana metabo-
lomic data from factorially designed experiments. )is appli-
cation was demonstrated by a metabolomic investigation 
using two di6erent factorial designs, A. thaliana  ethylene 
signaling mutants and their wild-type counterparts [136]. In 
this work, the putative A. thaliana FLS gene family was stud-
ied using a combination of genetic and metabolic analyzes. 
Although several of the FLS gene family members were ex-
pressed, only FLS1 appeared to in7uence 7avonoid biosyn-
thesis in this plant species. 

Flavonol synthase (FLS) was the Arst 7avonoid enzyme 
identiAed that may be encoded by a gene family in A. thali-
ana plants [137]. In addition to the characterized gene FLS1 
(At5g08640), Ave putative FLS genes (FLS2–FLS6) have been 
identiAed in the Arabidopsis genome [128]. Studies based on 
the putative A. thaliana FLS gene family revealed that alt-
hough several of the FLS gene family members were ex-
pressed, only 7avonol synthase 1 (FLS1) in7uenced 7avo-
noid biosynthesis. Seedlings of an A. thaliana FLS1 null mu-
tant (FLS1-2) showed enhanced anthocyanin levels, a drastic 
reduction in 7avonol glycoside content, and concomitant 
accumulation of glycosylated forms of dihydro7avonols (a 
substrate of the FLS reaction). Using a leucoanthocyanidin 
dioxygenase (LDOX) FLS1-2 double mutant, it was found 
that the remaining 7avonol glycosides found in the FLS1-2 
mutant are synthesized in the plant by the FLS-like side-
activity of the LDOX enzyme [126]. )e results revealed that 
the A. thaliana genome contains at least 24 7avin-containing 
monooxygenase genes, 272 cytochrome P450 genes, and 
more than 20 S-adenosylmethionine-dependent methyl-
transferase genes [133]. 

In most applications involving metabolomic studies and 
during the development of analytical approaches, A. thaliana 
has been used as a generic plant model to understand medi-
ated defenses against biotic and abiotic stress [114,119–
121,127,128]. For example, determining the responses to 
toxic heavy metals at the level of metabolomics was carried 
out using A. thaliana seedlings as a bio-indicator of Cd pol-
lution [138]. )e purpose of these studies is an understand-
ing of the metabolic answer and the adaptation of plants 
towards heavy metal exposure. )e study of Cd impact on 
the plant metabolome using multivariate statistical analyzes 
was carried out to compare the metabolic Angerprints and to 
isolate and identify some discriminating metabolites. A. tha-
liana cell suspensions were treated with di6erent Cd concen-
trations at di6erent time intervals, and then metabolites pre-
sent in A. thaliana cells grown on Murashige and Skoog me-
dia were extracted and injected into the chromatographic 
system coupled to MS. )ree types of data, pretreatment, 
multivariate statistical analysis (PCA, PLS and PLS-DA) and 
the PLS methods, proved to be appropriate for the classiAca-
tion of samples and for the extraction of discriminating vari-
ables. Additionally, an OSC-PLS2 approach enabled re-
searchers to visualize time-induced and Cd dose-induced 
changes on the metabolism of A. thaliana cells [120]. 

Isolated A. thaliana cells were also used to study the intra-

cellular localization and the biochemical e6ects of Cs in 
plant cells [43]. )e incorporation and localization of 133Cs in 
a plant cellular model and the induced metabolic response 
were analyzed as a function of external K concentration us-
ing a multidisciplinary approach. )e cellular response to 
the Cs stress was also analyzed using proteomic and meta-
bolic proAling. 

A study involving cultures of A. thaliana subjected to high 
CO2 stress was carried out to validate a systems biology 
methodological framework for the analysis of stress-induced 
molecular interaction networks in the context of plant pri-
mary metabolism [139]. An enhanced gas chromatography-
mass spectrometry (GC-MS) metabolomic data correction 
strategy and a new algorithm for the signiAcance analysis of 
time-series OMICs data were used to extract information 
about the transcriptional and metabolic plant response. )e 
framework involved the application of time-series integrated 
full-genome transcriptomic and polar metabolic analyzes on 
liquid plant cultures. )e treatment indicated changes in 
both transcriptional and metabolic activity, and the identi-
Aed pathways through which these activities changed re-
vealed insights regarding regulatory processes. 

A diversity of metabolites was found by studying the re-
sponse of A. thaliana [124,140–142] to varying light and 
temperature conditions. )e culture was exposed to di6erent 
environmental conditions in light intensity and/or tempera-
ture, and the resulting data sets were subjected to a number 
of statistical analyzes [143]. In similar studies, metabolome 
exploration by GC-MS of contrast ecotypes of A. thaliana 
showed that the highest natural variation for plant tolerance 
existed at lower temperatures than for acclimatory processes 
[144]. Finally, the resistance of A. thaliana plants to the dam-
aging e6ects of ultraviolet (UV) radiation was investigated 
through in vivo biochemical changes using integrated physi-
ological and metabolic responses. )e ability to metabolize 
xenobiotic compounds was investigated over the entire life 
cycle of the plant. )e results of this metabolic proAling 
showed that changes in the phenyl propanoid pathway was 
the key mechanism in both acclimation and plant develop-
ment [142]. 

5. Trends: metallomics and nanoparticles 

To complement areas such as genomics, proteomics and 
metabolomics, studies involving metals and metalloids 
(sometimes linked to the structure of proteins, sometimes 
free in equilibrium) became important. Metallomics charac-
terizes the metal species present in metalloproteins and tries 
to elucidate their functions in living organisms [145–147]. 
Metallomic studies can be classiAed according to whether 
they are ionomic and/or metalloproteomic [148]. )e Arst 
aims to determine free or elemental species in tissue samples, 
and the second aims to selectively deAne the metals/
metalloids associated with di6erent proteins, protein confor-
mations and protein functions. 

Recently, metallomic and proteomic studies performed on 



JIOMICS | VOL 5 | ISSUE 1 | JUNE 2015 | 1-16 

1-16: 9 

A. thaliana leaves showed the e6ects of transgenesis and the 
e6ects promoted by addition of excess of selenium (Se) [37]. 
)e detection of di6erentially expressed proteins was carried 
out by 2-D DIGE. Images of the distribution of Se and sulfur 
(S) in the leaves were obtained by laser ablation imaging 
inductively coupled plasma mass spectrometry [LA(i)-ICP-
MS]. As a result, 68 species of di6erentially expressed pro-
teins were detected, of which 27 were identiAed by ESI-Q-
TOF MS/MS. )e main biological events modiAed by these 
proteins were the glycolysis pathway, photosystems I and II, 
and the Calvin cycle. )e images obtained by LA(i)-ICP-MS 
showed that added Se was translocated to the leaves and that 
transgenic plants absorbed higher amounts of Se compared 
with non-transgenic plants. )e results indicated that genetic 
modiAcation did not in7uence the production of di6erential 
protein species, but it did confer some resistance to the plant 
regarding abiotic oxidative stress induced by the presence of 
Se. 

Nanoparticles (NPs) are classiAed as particles sized be-
tween 1 and 100 nm that can be dispersed in gaseous, liquid 
or solid media [149]. Because of the variety of potential ap-
plications in biomedical, manufacturing and materials, envi-
ronmental, energy, optical and electronic Aelds, the produc-
tion and characterization of these materials have been widely 
reported in the literature [150]. Some examples of the appli-
cations of NPs are as follows: the use of cerium oxide nano-
particles act as an antioxidant to remove oxygen free radicals 
that are present in a patient’s bloodstream following a trau-
matic injury, a synthetic skin manufactured with nickel NPs 
and polymer used in prosthetics, the use of iron nanoparti-
cles (Fe-NPs) to clean up carbon tetrachloride pollution in 
ground water, and silicon nanoparticles (Si-NPs) coating 
anodes of Li-ion batteries to increase battery power and re-
duce recharge time [149]. 

)e scientiAc literature also contains studies involving NPs 
and plants. In general, these studies are focused on the 
e6ects of NPs on plant germination and growth, aimed at 
their potential use in agricultural Aelds [151]. In recent years, 
some researchers have produced interesting results; Lodeiro 
et al. [152] showed the use of NPs as chemosensors, including 
a revision about the ability of NP devices to detect metal 
ions. 

In terms of constitution, there are di6erent types of NPs 
and nanomaterials that have been used in plant science 
[153], and there is agreement that the e6ects produced by 
NPs are dependent on this type, along with the plant species 
and substrate (i.e., soil, hydroponics, culture medium). Stress 
response to NPs is a Aeld that appears in an extensive num-
ber of studies on metal response in plants. An increasing 
number of publications have recently considered the interac-
tions of NPs with plants, and most of these studies are fo-
cused on the phytotoxicity, uptake and accumulation of NPs 
in plants [154–156]. 

Studies involving A. thaliana have evaluated the exposure 
of this plant to some NPs in di6erent categories, such as 
metal oxides (nAl2O3, nSiO2, nFe3O4 and nZnO) [157]. Seed-

lings of this plant were used for reporting the phytotoxicity 
of silver nanoparticles (Ag-NPs) [158], which was observed 
at low concentrations. Another study evaluated the impact of 
citrate-stabilized AgNPs on A. thaliana at three levels—
physiological phytotoxicity, cellular accumulation and sub-
cellular transport [159]. )e phytotoxic e6ects of AgNPs 
could not be fully explained by the release of silver ions. 
Plants exposed to AgNP suspensions bioaccumulated a high-
er silver content than plants exposed to AgNO3 solutions 
(Ag+ representative), indicating AgNP uptake by plants. At  
three levels, the impacts of AgNPs di6ered from equivalent 
dosages of AgNO3. In summary, the studies cited show that 
phytotoxicity is dependent upon the concentration and par-
ticle size of the NPs. 

Changes in A. thaliana phenotype, at both the cellular and 
macroscopic level, were also observed. )ese changes were 
dependent on the distribution of NPs in the tissue, thereby 
revealing their bioaccumulative e6ect. Based on these And-
ings, the researchers stressed that the exact mechanisms re-
mained unclear and required elucidation, as was also ob-
served in another group’s research paper. Recently, changes 
in gene expression in A. thaliana exposed to poly-
vinylpyrrolidone-coated AgNPs and silver ions were evaluat-
ed by Kaveh et al. [160]. Many genes di6erentially expressed 
by AgNPs and Ag+ were found to be involved in the response 
of plants to various stresses, providing insights into the mo-
lecular mechanisms of the response of plants to AgNPs and 
Ag+. Exposure to gold nanoparticles (GNPs) signiAcantly 
improved the seed germination rate, vegetative growth and 
antioxidant potential of A. thaliana. )is was the Arst report 
showing GNPs as a promising tool to enhance the seed yield 
of plants [161]. 

)e characterization of NPs is essential to obtain more 
information about their properties as well as their applica-
tions when focusing on toxicological studies. Responses to 
NPs would also be a key element in identifying mechanisms 
involved in stress tolerance and NP toxicity. Many subjects, 
studies and challenges involving the biological e6ects of NPs 
are still unresolved, and their interactions with plant-soil-
microorganisms systems still need to be investigated.  

In Table 1, the OMICS studies using A. thaliana cited in 
this review are summarized, including the target study, com-
ments and reference number. 

6. Conclusions and -nal remarks 

Today, A. thaliana remains the standard reference plant for 
all of biology and it is an eZcient tool for the analysis of 
plant functioning, combining classical genetics with molecu-
lar biology. )e continuous advancement of A. thaliana 
knowledge enhances its value for plant biology. )is plant 
o6ers important advantages for OMICS research; it was the 
Arst plant to have its entire genome sequenced, making it an 
ideal model system and a powerful tool for the development 
in this Aeld. )is review highlighted advances in OMICS 
studies, particularly genomics, proteomics and metabolom-
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GENOMICS 

Target study Comments Ref. 

General characteristics 
ClassiAcation, 7owering time, plant growth, diverse 7oral morphologies and seed 
dormancy. Studies of variation observed in life cycles due to genetic variation 

[1–10,24] 

Genome sequence DeAnition of the chromosome structure, e6ort to sequence the complete genome [11,15,17–22] 

Studies based on genomic 
sequencing 

Genetic transformation using Agrobacterium tumefaciens [23] 

Suitable model, especially, for study of the central pathways of terpene biosynthesis [25–27] 

Use of computational modeling for revealing genome-wide regulatory mechanisms. [22] 

Assessment of the structure and dynamics of plant genomes, enabling a better under-
standing of plant development and environmental responses 

[28–31] 

Investigation of evolution and ecology, for understanding patterns of natural genetic 
variation and the dynamics of wild populations 

[32–34] 

PROTEOMICS 

Target study Comments Ref. 

Methodologies to simplify 
complex protein mixtures 
prior to the use of 2-DE 

Evaluation of changes in the proteome of A. thaliana leaves in response to Pseudo-
monas syringae by comparing three precipitation protocols 

[77] 

)e selective removal of RuBisCo using protamine sulfate precipitation (PSP) and the 
mobility shiW method 

[67,71] 

ProAling of isolated cell organelles; characterized the presence of peripheral and inte-
gral membrane proteins in callus culture, the secreted proteins in culture media 
(apoplastic proteins), and leaf peroxisomes 

[41,84,85] 

Comparative proteomics 
studies using 2D-DIGE 

Evaluation of proteomic changes based on di6erent stress conditions, genetic modiA-
cations, salt, drought, high and low temperatures, and metal addition, among others 

[38,40,60,86,91,93,
95,96,98,99] 

)e use of HPLC in plant 
proteomic analysis, followed 
by protein identiAcation and 
characterization by MS, 
facilitates greater chance of 
the separation of basic, hy-
drophobic and membrane-
spanning proteins 

Monitoring the subtle changes in the proteome, produced by physiological adapta-
tions of the plants, performed by intact mass measurements (IMMs), using RP-HPLC
-ESI-MS. 

[103] 

Shotgun proteomics on a subcellular organelle for the deAnition of the organelle 
proteome. )e protein content of a subcellular organelle is digested prior to separa-
tion and analysis. 

[59,69,104] 

Use of multidimensional separations, such as combining SDS-PAGE with HPLC-
MS/MS, for the analysis of the phloem sap proteins and to gain insight into systemic 
responses to local virus infection or wounding. )e proteins are digested aWer SDS-

[106,109] 

METABOLOMICS 

Target study Comments Ref. 

Metabolite proAling A. thaliana is used as plant model for metabolomic projects [113,116,117] 

E6ects on metabolites 
caused by biotic and abiotic 
stress 

Investigation into the e6ects on A. thaliana metabolites following exposure to metals, 
pathogens, light and temperature changes 

[43,120,122, 
124,127,138, 
139,142–144] 

Genes studies, gene expres-
sion, functions and annota-
tion 

Demonstrating the robustness of metabolomics studies in the functional characteri-
zation of novel genes 

[111,114,121,126,1
28–131] 

Methods for extraction and 
derivation for metabolomic 
analysis 

Investigations of extraction and derivation protocols for metabolomic studies 

  
[6–8,123] 

Table 1. Summary of the OMICS studies cited in the present review using A. thaliana as a model plant. 



JIOMICS | VOL 5 | ISSUE 1 | JUNE 2015 | 1-16 

1-16: 11 

ics, focusing on the use of A. thaliana as a versatile plant 
model. )ese applications are responsible for the develop-
ment of numerous methods for Arabidopsis thaliana analysis 
in di6erent OMICS Aelds. 

Considering genomics, A. thaliana has been an important 
model system primarily for identifying genes and determin-
ing their functions, thus providing information about ge-
nome activity. Having the complete A. thaliana genome se-
quence allowed further understanding of the structure and 
dynamics of plant genomes. )e proteomics approach is 
helpful for answering questions regarding the functional 
analysis of proteins. )e rapid progress in the determination, 
quantiAcation, identiAcation and comprehension of proteins 
has been possible due to the use of model organisms such as 
A. thaliana and their role in improving the existing techniques 
for proteomics. )e proteome map of A. thaliana provides 
information about proteome assembly and is available as a 
resource for plant systems biology. )e contribution of this 
plant as a model organism for plants increases the impact of 
proteome research and is re7ected in the increase of prote-
omics studies. With regard to the metabolomic Aeld, Ara-
bidopsis has been utilized not only to investigate plant metab-
olism but also to identify unknown gene functions by com-
paring the metabolic proAles of nontransgenic and transgen-
ic species. 

As a Anal remark, because there are already deAned ge-
nomic and proteomic databases available for this plant, A. 
thaliana is useful as a model plant for metallomic studies aim-
ing to elucidate the physiological and biological functions 
related to the bioactive metallomes of proteins. Regarding 
the prospects of NPs, studies involving A. thaliana prote-
omics, genomics and metabolomics will be helpful for those 
researchers who decide to better understand the mechanisms 
involved in the interactions of NPs with plants, and, in fu-
ture studies, this plant may become a great tool to clarify the 
phenomena of phytotoxicity, uptake and bioaccumulation. 
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1. Introduction 

�e detailed analysis of pu$ng activity patterns in the sali-
vary gland chromosomes of Drosophila melanogaster in rela-
tion to protein synthesis during heat shock [1-5] led to the 
foundation of the new scienti/c area of stress biology [6-8]. 
Following the initial identi/cation of heat shock-inducible 
proteins, comprehensive investigations into the cellular re-
sponse to stressful conditions has established the concept of 

molecular chaperoning and the classi/cation of the large fam-
ily of heat shock proteins (HSP) [9-11]. A large variety of 
HSP molecules have been categorized based on their molecu-
lar masses and protective functions following exposure of 
cells to oxidative stress, heat shock or toxic insults [12-14]. 
Molecular chaperones provide a variety of essential functions 
in relation to general cytoprotection and the prevention of 
deleterious side e>ects on protein function during stress. A 
rapid response to acute stressors or the up-regulation of sus-
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�e continuing maintenance of protein homeostasis and the protection of proteomic integrity is essential for the survival of complex cellular 
systems under stressful conditions. Proteostasis is maintained by a complex system of protective pathways that involve several classes of mole-
cular chaperones, now referred to as the chaperonome. �e elaborate interplay of these components averts detrimental protein aggregation 
and supports proteins in resuming their functional fold. In skeletal muscle tissues, molecular chaperones protect contractile functions thro-
ughout /bre adaptations to changed physiological demands and prevent tissue damage during acute phases of protein misfolding or prolonged 
periods of harmful protein accumulation. �is results in considerable changes in the expression pro/le of individual members of the large 
family of heat shock proteins. Systematic proteomic surveys of skeletal muscle tissues have revealed that the concentration of small heat shock 
proteins is especially a>ected following strenuous exercise, in various neuromuscular disorders and during the natural aging process. Of the 10 
identi/ed members of the small heat shock protein HSPB family, HSPB1 (Hsp25), HSPB2 (MKBP), HSPB3 (Hsp27), HSPB4 (αA-crystallin), 
HSPB5 (αB-crystallin), HSPB6 (Hsp20), HSPB7 (cardiovascular cvHsp) and HSPB8 (Hsp22) are clearly present in skeletal muscle tissues. �is 
review outlines the proteomic identi/cation of small heat shock proteins and their muscle-speci/c expression and induction patterns in health 
and disease. Since HSPB molecules are of relatively low molecular mass, belong to the markedly soluble type of proteins and represent critical 
pro-survival proteins that are intrinsically involved in the prevention of stress-induced /bre damage, they present ideal muscle-associated bio-
marker candidates for the establishment of superior diagnostic and therapy-monitoring approaches to assess stress-related skeletal muscle 
degeneration. 
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tained protective pathways is provided by HSPs and related 
chaperoning biomolecules [10]. �is includes the (i) protec-
tion of nascent peptide chain synthesis, (ii) the facilitation of 
proper peptide folding into the native protein state, (iii) the 
swiQ elimination of misfolded and non-functional protein 
species, (iv) the refolding of stress-denatured proteins, (v) 
the continuous prevention of the accumulation of misfolded 
proteins that might otherwise form toxic aggregates within 
cellular structures, (vi) anti-apoptotic e>ects via inhibition of 
the caspase system, and (vii) the restoration of proteostasis 
and thereby maintenance of proteome integrity [14]. Figure 
1 outlines the concept of the cytoprotective role of molecular 
chaperones under stressful conditions in skeletal muscles, 
such as cellular development, strenuous activity, tissue re-
generation, /bre repair, physiological adaptations to 
changed functional demands, secondary pathophysiological 
insults or primary abnormalities due to chaperonopathies 
[15]. 

2. *e chaperonome and heat shock proteins 

�e human genome project has identi/ed over 100 di>er-
ent molecular chaperones and based on OMICS-type inves-
tigations and systems biological approaches [16], the concept 
of the chaperonome has been developed [15]. �e proteome-
wide distribution of chaperones and their roles in maintain-
ing and stabilizing the protein constituents of cells by facili-
tating the synthesis, transportation and macromolecular 
assembly of proteins, as well as peptide refolding following 
stress, essential protein degradation and proteotoxic aggre-

gate dissociation, ensures cellular survival. �e presence of 
molecular chaperones and their swiQ up-regulation during 
cellular stress balances protein synthesis and protein degra-
dation, thereby providing proteostasis and proteome stabil-
ity. In the past, HSPs have been classi/ed based on their tis-
sue-speci/c expression patterns, their molecular mass, their 
constitutive presence and/or their stress-related inducibility. 
In addition to the main HSPs, a variety of endoplasmic retic-
ulum-associated proteins, co-chaperones and modifying 
enzymes are involved in cytoprotective pathways. �e new 
nomenclature, as summarized by Kampinga et al. [13], cate-
gorizes molecular chaperones into several distinct protein 
families, including HSPA (HSP70) and co-chaperones, 
HSPB (αB-crystallin like small HSP), HSPC (HSP90), HSPD 
(HSP60), HSPE (HSP10), HSPH (HSP110), DNAJ proteins 
(HSP40), calreticulin (CAL), calnexin (CAX), peptidyl-prolyl 
cis-trans isomerases (PPI) and protein disul/de isomerases 
(PDI). As recently reviewed in detail in relation to skeletal 
muscle tissues, the di>erent types of molecular chaperones 
provide a variety of protective functions [17].  

HSPA molecules have a major chaperoning role by ensur-
ing the correct folding of newly synthesized muscle proteins, 
by associating with misfolded and/or aggregated contractile 
proteins and by supporting the correct protein re-folding 
following cellular stress. �e HSP70 family of proteins is 
widely distributed throughout muscle /bres, including in-
ducible HSP70/72 and constitutive HSP73/Hsc70, as well as 
mitochondrial HSP75 and the HSP78 (GRP78) chaperone of 
the sarcoplasmic reticulum [18-20]. �e large ATP-
dependent molecular chaperones of the HSPC class function 

Figure 1. Overview of the cytoprotective roles of molecular chaperones. 
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down-stream of HSPA and bind to hormone receptors and 
kinases, whereby the interactions of HSP90α and HSP90β 
with co-regulators and co-chaperones is involved in the acti-
vation and stabilization of signalling proteins [21-23]. �e 
HSP70-like unfolding proteins belonging to the category of 
disaggregating HSPH/HSP110 chaperones stabilize substrate 
proteins and actively dissociate stress-induced protein aggre-
gates [24]. DNAJ/HSP40 proteins are primary co-
chaperones that regulate the complex formation between 
HSPA and client proteins, and facilitate protein translation, 
protein folding, protein unfolding, protein translocation and 
protein degradation [25]. Another group of chaperonins that 
co-operate with HSPA molecules are HSPD/HSP60 mole-
cules that support protein folding and re-folding patterns 
[26, 27]. �e CAL/CAX chaperone system of the sarcoplas-
mic reticulum facilitates the correct folding of newly synthe-
sized glycoproteins, especially those displaying N-linked 
glycan moieties, making it an essential part of the glycopro-
tein quality control system [28]. PPI enzymes preserve the 
correct conformation of distinct protein segments via cata-
lysing the cis/trans isomerization of peptide-bonds besides 
proline residues [29] and PDI enzymes promote the correct 
disul/de-bridge formation and re-organization of disulphide
-bridges in target muscle proteins [30]. 

3. Small heat shock proteins 

�e systems biological concept of the chaperonome is out-
lined in Figure 2 [15, 16], which speci/cally summarizes the 

biochemical criteria for the classi/cation of the chaperone 
family of small heat shock proteins (sHSP). Several members 
of the sHSP/HSPB class of molecular chaperones respond 
swiQly to stressful stimuli during strenuous exercise or path-
ophysiological insults [31-33]. �e e$cient disintegration of 
poly-disperse protein assemblies into smaller subunits is a 
key cytoprotective function of HSPB molecules and helps to 
counter-act the potentially harmful side e>ects from toxic 
protein aggregates [11]. �e grouping of 10 distinct proteins, 
named HSPB1 to HSPB10 [13, 34], is based on (i) exhibiting 
distinct ATP-independent chaperoning activities [35-37], (ii) 
the presence of a conserved α-crystallin domain towards the 
carboxy-terminal region that spans approximately 90 resi-
dues [38-41], (iii) relatively low molecular masses ranging 
from approximately 10 to 30 kDa [34], and (iv) the capability 
of forming high-molecular-mass oligomers [42-44]. �e 10 
HSPB molecules and their tissue distribution are listed in 
Table 1. HSPB1, HSPB5, HSPB6 and HSPB8 are ubiquitous-
ly expressed throughout the body and HSPB9 and HSPB10 
are restricted to testis [44]. HSPB1 to HSPB8, also referred to 
as HSP25, MKBP, Hsp27, αAC, αBC, HSP20, cvHSP, HSP22, 
respectively, are present at various concentrations in skeletal 
muscles and provide high-a$nity binding platforms for par-
tially misfolded or unfolded muscle proteins [45-48]. 

�e expression of the cardiovascular cvHSP/HSPB7 chap-
erone is restricted to cardiac and skeletal muscles [47] and 
the highest concentration of αBC/HSPB5 among the non-
lenticular cell types is in slow-twitching oxidative muscle 
/bres [45]. Major HSPB molecules are induced to prevent 

Figure 2. Listing of the identi�ed members of the chaperonome and the HSPB sub-chaperonome consisting of the family of small heat 
shock proteins. �e biochemical criteria for the classi/cation of HSPB molecules are outlined and the domain structure of the characteristic α-
crystallin domain within the prototype of a small heat shock protein, αB-crystallin (HSPB5), is shown. 
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detrimental protein aggregation and are intrinsically linked 
to the association and modulation of the highly organized 
assembly of cytoskeletal protein networks, including actin, 
desmin, tubulin and vimentin [49-52]. HSPBs play a crucial 
role during myogenesis and the di>erentiation of mature 
contractile /bres in adult motor units [53-55]. Complex for-
mation between HSPB2 and HSPB3 regulate myogenic 
di>erentiation steps [56] and modulate the muscle-speci/c 
transcription factor MyoD during /bre development [57]. In 
mature skeletal muscles, HSP molecules play a key role in 
preventing tissue damage during extensive repeats of excita-
tion-contraction-relaxation cycles, which represents a major 
type of physiological stressor [58]. Strenuous exercise usually 
results in a robust and sustained up-regulation of molecular 
chaperones [59, 60], including especially HSPB molecules in 
skeletal muscle tissues [61, 62]. 

4. Proteomic pro2ling of small heat shock proteins from 

skeletal muscle 

�e highly adaptive neuromuscular system is heterogene-
ous in its molecular and cellular composition, extremely 
plastic in response to altered physiological demands, sensi-
tive to mechanical unloading, vulnerable to traumatic injury 
and sensitive to altered metabolic states [63]. �is dynamic 
nature of the musculature and the fact that muscle cells are 
highly abundant in the body makes contractile /bres and 
their supportive tissues exceedingly susceptible to various 
physiological and pathophysiological stressors [17]. Skeletal 
muscles therefore require a sophisticated and dynamic chap-
eroning system to prevent extensive cellular damage via pro-
tein unfolding and/or toxic protein aggregation [18-20]. �e 
ATP-independent chaperones of the HSPB family of low-
molecular-mass HSPs play a central role in these cytoprotec-
tive mechanisms [64] and provide considerable levels of 

stress tolerance by e$ciently targeting misfolded muscle 
proteins for peptide refolding or degradation [17]. Compre-
hensive proteomic cataloguing studies that have focused on 
skeletal muscle preparations have identi/ed a large number 
of molecular chaperones, including major representatives of 
the HSPB protein network [65-69]. �is is illustrated here by 
the listings of major chaperoning molecules present in 
mouse skeletal muscle, as judged by the routine mass spec-
trometric evaluation of total muscle preparations versus the 
microsomal fraction. 

An Ultimate 3,000 NanoLC system (Dionex Corporation, 
Sunnyvale, CA, USA) coupled to a Q-Exactive mass spec-
trometer (�ermo Fisher Scienti/c, Dublin, Ireland) was 
used for the label-free liquid chromatography mass spectro-
metric analysis of hind limb muscles from 6-month old 
C57BL6 mice, as recently described in detail [70]. Processing 
of the raw data generated from LC-MS/MS analysis was car-
ried out using Progenesis QI for Proteomics soQware 
(version 3.1; Non-Linear Dynamics, a Waters company, 
Newcastle upon Tyne, UK). Data alignment was based on 
the LC retention time of each sample. �e data was /ltered 
using certain criteria prior to exporting the MS/MS data /les 
to Proteome Discoverer 1.4 (�ermo Scienti/c): (i) peptide 
features with ANOVA < 0.05 between experimental groups, 
(ii) mass peaks with charge states from +1 to +5 and (iii) 
greater than one isotope per peptide [70]. A PepXML gener-
ic /le was generated from all exported MS/MS spectra from 
Progenesis soQware. �is /le was used for peptide identi/ca-
tion using Proteome Discoverer 1.4 against Mascot (version 
2.3, Matrix Science, Boston, MA, USA) and Sequest HT 
(SEQUEST HT algorithm, licence �ermo Scienti/c, regis-
tered trademark University of Washington, USA) and 
searched against the UniProtKB-SwissProt database 
(taxonomy: Mus musculus). �e following search parame-
ters were used for protein identi/cation: (i) peptide mass 

Table 1. Summary of the human protein family of small heat shock proteins 

Small heat shock protein Protein Accession Tissue distribution 

HSPB1 (Hsp25, Hsp27) P04792 Ubiquitous; high levels in muscle tissues 

HSPB2 (MKBP) Q16082 Skeletal, cardiac and smooth muscles 

HSPB3 (Hsp27) Q12988 Skeletal, cardiac and smooth muscles 

HSPB4 (aA-Crystallin; aAC) P02489 
Highly abundant in the eye lens; low con-

centration in skeletal muscle tissues 

HSPB5 (aB-crystallin; aBC) P02511 
Ubiquitous; high levels in skeletal and cardi-

ac muscles 

HSPB6 (Hsp20) O14558 Ubiquitous; high levels in skeletal muscles 

HSPB7 (cvHsp) Q9UBY9 Skeletal and cardiac muscles 

HSPB8 (Hsp22) Q9UJY1 Ubiquitous; moderate levels in muscles 

HSPB9 (Hsp20) Q9BQS6 Testis 

HSPB10 (ODF1) Q14990 Testis 
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tolerance set to 10 ppm, (ii) MS/MS mass tolerance set to 
0.02 Da, (iii) up to two missed cleavages were allowed, (iv) 
carbamidomethylation set as a /xed modi/cation and (v) 
methionine oxidation set as a variable modi/cation [70]. For 
re-importation back into Progenesis LC-MS soQware for 
further analysis, only peptides with either ion scores of 40.00 
or more (from Mascot) and peptides with XCorr scores >1.9 
for singly charged ions, >2.2 for doubly charged ions and 
>3.75 for triply charged ions or more (from Sequest HT) 
were selected [70]. 

Crude muscle homogenates were shown to contain 19 
major chaperones, including HSPA1A, HSPA4, HSPA5, 
HSPA8, HSPA9, HSPCA, HSPCB, HSPD1, HSPE1, DNJA2, 
CAL, PDI-A1, PDI-A3, PPI-A and PPI-B, as well as the 
sHSP molecules HSPB1, HSPB2, HSPB6 and HSPB7 (Table 
2). �e microsomal fraction, isolated by an optimized stand-
ard subcellular fractionation procedure for the depletion of 
the contractile apparatus and enrichment of the membrane 
fraction [70, 71], contained 28 chaperoning protein species. 
�is included the sHSP molecules HSPB1, HSPB2, HSPB6 
and HSPB7, as well as HSPA1A, HSPA1L, HSPA4, HSPA5, 
HSPA8, HSPA9, HSPCA, HSPCB, HSP90b1, HSPD1, 

HSPE1, Trap1, DNJA2, DNJA3, DJB11, DNJC3, DJC11, 
CAL, PPI-A, PPI-B, PDI-D, PDI-A1, PDI-A3 and PDI-A6 
(Table 3). �e fact that a considerable number of DNAJ and 
GRP proteins from the sarcoplasmic reticulum and mito-
chondria were identi/ed to be present in the membrane frac-
tion [25] underlines the successful application of subcellular 
fractionation [72]. �e proteomic hits from the microsomal 
study were further characterized by standard bioinformatics 
using the STRING database of known and predicted protein 
interactions that include direct physical and indirect func-
tional protein associations [73]. Figure 3 outlines the close 
interaction network of chaperoning proteins from skeletal 
muscles, including HSPB1, HSPB2, HSPB6 and HSPB7, em-
phasising the crucial importance of sHSP molecules for cyto-
protection in tissues with a high degree of vulnerability to 
environmental, physiological or pathological stressors [74]. 

5. Comparative proteomic pro2ling of HSPB in skeletal 

muscles 

Molecular chaperones are involved in a variety of neuro-
degenerative diseases, neuromuscular pathologies and the 

Table 2. Routine identi/cation of major chaperones in mouse hind limb muscle as revealed by the label-free mass spectrometric analysis 
of total tissue extracts.. 

Molecular chaperone 
Protein 

Accession 
Coverage (%) 

Unique 

peptides 

Molecular mass 

(kDa) 

Heat shock protein HSPA1A (Hsp70, Hsp70A1A) Q61696 9.98 1 70.0 

Heat shock protein HSPA4 (Hsp70, HspA4) Q61316 7.02 4 94.1 

Heat shock protein HSPA5 (GRP78, mitochondrial HspA5) P20029 30.08 15 72.4 

Heat shock protein HSPA8 (Hsp70, Hsp71, HspA8) P63017 49.69 25 70.8 

Heat shock protein HSPA9 (GRP75, mitochondrial HspA9) P38647  43.15 21 73.4 

Heat shock protein HSPB1 (Hsp25, HspB1, Hsp beta-1) P14602 51.20 8 23.0 

Heat shock protein HSPB2 (MKBP, HspB2, Hsp beta-2) Q99PR8 37.36 4 20.4 

Heat shock protein HSPB6 (Hsp20, HspB6, Hsp beta-6) Q5EBG6 59.26 6 17.5 

Heat shock protein HSPB7 (cvHsp, HspB7, Hsp beta-7) P35385 11.24 1 18.6 

Heat shock protein HSPCA (Hsp90, Hsp90aa1, HspCA) P07901 15.01 1 84.7 

Heat shock protein HSPCB (Hsp90, Hsp90ab1, HspCB) P11499 42.96 15 83.2 

Heat shock protein HSPD1 (Hsp60, mitochondrial) P63038 49.56 19 60.9 

Heat shock protein HSPE1, (Hsp10, mitochondrial) Q64433 52.94 6 11.0 

DnaJ protein DNJA2 (Hsp40) Q9QYJ0 6.80 2 45.7 

Calreticulin (CAL, ERp60) P14211 20.43 5 48.0 

Protein disul/de isomerase A1 (PDI-A1, ERp59) P09103 34.38 12 57.0 

Protein disul/de-isomerase A3 (PDI-A3, ERp57) P27773 10.69 4 56.6 

Peptidyl-prolyl cis-trans isomerase A (PPI-A, PPIase A) P17742 49.39 5 18.0 

Peptidyl-prolyl cis-trans isomerase B (PPI-B, PPIase B) P24369 10.19 2 23.7 
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natural aging process [17, 75-78]. Besides their essential neu-
roprotective functions, HSP molecule are associated with 
primary chaperonopathies and secondary alterations during 
pathophysiological insults. Neuromuscular disorders, meta-

bolic diseases and neuropathies that are closely linked to 
altered expression levels in the HSPB family of molecular 
chaperones are myotonic dystrophy, myo/brillar myopa-
thies, Duchenne muscular dystrophy, the dysferlinopathies 

Table 3. Identi/cation of major chaperones in mouse hind limb muscle as revealed by the label-free mas spectrometric analysis of micro-
somes. 

Molecular chaperone Protein Accession Coverage (%) Unique peptides 
Molecular 

mass (kDa) 

Heat shock protein HSPA1A (Hsp70, Hsp70A1A) Q61696 9.98 1 70.0 

Heat shock protein HSPA1L (Hsp70, Hsp70A1L) P16627 8.89 1 70.6 

Heat shock protein HSPA4 (Hsp74, Hsp70RY, HspA4) Q61316 7.25 4 94.1 

Heat shock protein HSPA5 

(GRP78, mitochondrial HspA5) 

P20029 

  

49.77 28 72.4 

Heat shock protein HSPA8 (Hsp70, Hsp71, HspA8) P63017 50.77 23 70.8 

Heat shock protein HSPA9 

(GRP75, mitochondrial HspA9) 

P38647 40.35  20  73.4 

Heat shock protein HSPB1 

(Hsp25, HspB1, Hsp beta-1) 

P14602 70.81 10 23.0 

Heat shock protein HSPB2 (MKBP, HspB2, Hsp beta-2) Q99PR8 43.96 5 20.4 

Heat shock protein HSPB6 (Hsp20, HspB6, Hsp beta-6) Q5EBG6 59.26 6 17.5 

Heat shock protein HSPB7 (cvHsp, HspB7, Hsp beta-7) P35385 38.46 3 18.6 

Heat shock protein HSPCA (Hsp90, Hsp90aa1, HspCA) P07901 9.28 1 84.7 

Heat shock protein HSPCB (Hsp90, Hsp90ab1, HspCB) P11499 30.39 12 83.2 

Heat shock protein Hsp90b1 

(Endoplasmin, GRP94) 

P08113 30.92 15 92.4 

Heat shock protein HSPD1 (Hsp60, mitochondrial) P63038 58.12 23 60.9 

Heat shock protein HSPE1, (Hsp10, mitochondrial) Q64433 52.94 6 11.0 

Trap1 (TNFR-associated protein 1, mitochondrial Hsp75) Q9CQN1 4.11 1 80.2 

DnaJ protein DNJA2 (Hsp40, DNJ3) Q9QYJ0 7.77 1 45.7 

DnaJ protein DNJA3 (mitochondrial Hsp40, mTid-1) Q99M87 3.96 2 52.4 

DnaJ protein DJB11 (ER Hsp40 co-chaperone of HSPA5) Q99KV1 9.22 2 40.5 

DnaJ protein DNJC3 (Hsp40, protein kinase inhibitor 

p58) 

Q91YW3 5.95 1 57.4 

DnaJ protein DJC11 (mitochondrial Hsp40, DNAJC11) Q5U458 3.22 1 63.2 

Calnexin (CAL, CALX, CNX) P35564 11.34 4 67.2 

Peptidyl-prolyl cis-trans isomerase A (PPI-A, PPIase A) P17742 55.49 6 18.0 

Peptidyl-prolyl cis-trans isomerase B (PPI-B, PPIase B) P24369 10.19 2 23.7 

Peptidyl-prolyl cis-trans isomerase D (PPI-D, PPIase D) Q9CR16 4.32 1 40.7 

Protein disul/de isomerase A1 (PDI-A1, ERp59) P09103 44.79 15 57.0 

Protein disul/de-isomerase A3 (PDI-A3, ERp57) P27773 33.86 15 56.6 

Protein disul/de-isomerase A6 (PDI-A6, TXNDC7) Q922R8 12.05 3 48.1 
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termed Miyoshi myopathy and limb-girdle muscular dystro-
phy type LGMD2B, myotonia-related hyperexcitability, col-
lagen VI myopathy, Charcot-Marie-Tooth disease type 2, 
distal hereditary motor neuropathy, motor neuron disease, 
type 2 diabetes-related muscle weakness and sarcopenia of 
old age, as listed in Table 4. Certain desmin-related myopa-
thies (α-crystallinopathy) are characterized by abnormalities 
in HSPB5 [79-81]. HSPB1, HSPB3 and HSPB8 are primarily 
a>ected in distal motor neuropathy and the axonal form of 
Charcot-Marie-Tooth disease type 2 [82-86]. Figure 4 sum-
marizes changes in HSPB molecules during physiological 
adaptations and in response to pathophysiological insults. A 
large number of comparative proteomic studies have focused 
on the molecular fate of HSP chaperones during stressful 
conditions. �is has included the systematic analysis of my-
oblast di>erentiation and protein secretion during myogene-
sis [87-89], the /bre type speci/cation in fast versus slow 
muscles [90-92], the physiological modi/cations following 
endurance exercise or resistance training [93-96], fast-to-
slow muscle transformation following chronic low-
frequency stimulation [97-99], skeletal muscle hypertrophy 
[100], muscular atrophy following immobilization or dener-
vation [101-103], hypoxia-related stress [104] and sarcope-
nia of old age [105-110]. Exercise, /bre transitions, disuse 
atrophy and hypertrophy are clearly related to distinct 
changes in HSPB molecules. 

Systematic surveys of changes in HSP chaperones in neu-

romuscular pathologies has included dysferlinopathy [111], 
Duchenne muscular dystrophy [17, 70, 71, 112-126], myo/-
brillar myopathies with abnormalities in HSPB5, desmin, 
/lamin or myotilin [127-130], myasthenia gravis [131], myo-
tonia-related hyperexcitability [132], motor neuron diseases 
including amyotrophic lateral sclerosis [133-137], hypoka-
lemic myopathy [138], obesity-related muscular weakness 
and/or type 2 diabetes-associated insulin resistance [139-
144], burn sepsis-related stress [145] and post mortem 
changes in skeletal muscle samples [146]. �e di>erential 
expression of HSPB chaperones in pathological skeletal mus-
cles is clearly related to the requirement of swiQly dispersing 
toxic protein aggregates and facilitating the degradation of 
misfolded muscle proteins under stressed conditions. �e 
bioanalytical strategies used in the comparative proteomic 
pro/ling of HSP molecules in stressed skeletal muscles have 
relied on sophisticated labeling methods, e$cient protein 
separation techniques and sensitive mass spectrometry. 
OQen detergent- or urea-based extraction methods were 
used to prepare crude muscle extracts and the identi/cation 
of changed proteins was conducted with various label-based 
or label-free approaches [17, 63]. 

In general, quantitative proteomic studies are routinely 
carried out with chemical or metabolic labeling and fre-
quently include the isotopic tagging of peptides and proteins 
prior to mass spectrometric analysis. Cellular proteomics 
employs a variety of relative quantitation methods, including 

Figure 3. Interaction map of the chaperoning protein system from mouse hind leg muscles. �e bioinformatics STRING database [73] was 
used to generate a protein interaction map with known and predicted protein associations that include direct physical and indirect functional 
protein linkages of mass spectrometrically identi/ed molecular chaperones, including the sHSP molecules HSBP1, HSPB2, HSPB6 and 
HSPB7, as well as HSPA1A, HSPA1L, HSPA4, HSPA5, HSPA8, HSPA9, HSPCA, HSPCB, HSP90b1, HSPD1, HSPE1, Trap1, DNJA2, 
DNJA3, DJB11, DNJC3, DJC11, CAL, PPI-A, PPI-B, PDI-D, PDI-A1, PDI-A3 and PDI-A6 (Table 3). 
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iTRAQ (isobaric Tags for Relative and Absolute Quantita-
tion), ICAT (Isotope-Coded A$nity Tag) and SILAC (Stable 
Isotope Labeling with Amino acids in Cell culture) [147-
149]. Subproteomic studies that focus on isolated organelles 
for the reduction of sample complexity involve advanced 
methods such as LCM (laser capture microscopy) [150] and 
LOPIT (Localization of Organelle Proteins by Isotope Tag-
ging) [151]. Large-scale protein separation is usually 
achieved by gel electrophoretic methods and/or liquid chro-
matography. An e$cient pre-electrophoretic labeling meth-
od for the comparative analysis of isolated proteomes is two-
dimensional \uorescence di>erence in-gel electrophoresis 
(DIGE) [152-154]. Importantly, the extraordinary improve-
ments of mass spectrometers in relation to mass accuracy, 
sensitivity, resolving power, dynamic range, throughput ca-
pacity and available fragmentation modes has greatly in-
creased the coverage of the assessable proteome. Modern 
peptide mass analyzers rely on time-of-\ight technology, 
linear ion traps, quadrupole, orbitrap or fourier transform 
ion cyclotron resonance methodologies [155-158]. Studies 
with a focus on HSP molecules have used many of these 

standard proteomic techniques. Since HSPB molecules are 
mostly low-molecular-mass proteins and relatively soluble as 
compared to many other protein species in skeletal muscles, 
they can be easily separated by gel electrophoretic proce-
dures or liquid chromatography. For example, the applica-
tion of the \uorescence DIGE technique has resulted in the 
identi/cation of considerably increased levels of cvHSP/
HSPB7 and αBC/HSPB5 in both dystrophic and senescent 
muscle /bres [107, 108]. �us, although two-dimensional gel 
electrophoresis underestimates the presence of integral 
membrane proteins, high-molecular-mass proteins and low 
copy number proteins, it is highly suited for studying the 
large family of HSP molecules [17]. Label-free mass spec-
trometry has also been successfully employed to compare 
normal versus stressed muscle specimens and identi/ed dis-
tinct changes in HSP molecules [70, 125, 126]. Since skeletal 
muscles contain some of the largest proteins in the human 
body, such as nebulin, obscurin and titin, alternative on-
membrane digestion approaches have been developed to 
study these giant proteins [159-161]. In future studies, gradi-
ent gel electrophoretic separation in combination with on-

Small heat shock protein Pathological involvement 

HSPB1 (Hsp25) 

Charcot-Marie-Tooth disease type 2 

Distal hereditary motor neuropathy 

Motor neuron disease 

Type 2 diabetes-associated muscle weakness 

Collagen VI myopathy 

Dysferlinopathy 

HSPB2 (MKBP) Myotonic dystrophy 

HSPB3 (Hsp27) 

Motor neuropathy 

Duchenne muscular dystrophy 

Myotonia-related hyperexcitability 

Sarcopenia of old age 

HSPB5 (αΒC) 

Myo/brillar myopathies (desminopathy, crystallinopathy) 

Duchenne muscular dystrophy 

Sarcopenia of old age 

Motor neuron disease 

Muscular atrophy 

Type 2 diabetes-associated muscle weakness 

HSPB6 (Hsp20) Sarcopenia of old age 

HSPB7 (cvHsp) 
Duchenne muscular dystrophy 

Sarcopenia of old age 

HSPB8 (Hsp22) 
Charcot-Marie-Tooth disease type 2 

Distal hereditary motor neuropathy 

Table 4. Major neuromuscular pathologies associated with primary or secondary abnormalities in small heat shock proteins. 
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membrane digestion might also be useful to investigate the 
interaction patterns between HSPB species within supramo-
lecular protein assemblies, such as the actomyosin apparatus 
or the Z-disc region of sarcomeres. 

6. Concluding Remarks 

�e intrinsic role of HSPB molecules as chaperoning pro-
teins makes them key components involved in the /ne regu-
lation of cellular proteostasis. In stressed skeletal muscles, 
HSPB chaperones are of central importance for the facilita-
tion of various adaptive processes and cellular pro-survival 
mechanisms. �is makes changes in their concentration, 
oligomerization, post-translational modi/cations and/or 
subcellular re-localization a characteristic feature of both 
stress tolerance and muscle damage pathways. �ese distinct 
alterations can be potentially exploited for the establishment 
of superior biomarker signatures of physiological adapta-
tions and pathological changes [162-165]. Muscle-speci/c 
HSPB molecules are of low molecular mass and belong to 
the relatively soluble type of proteins. �ese biochemical and 
physicochemical properties make them good candidates for 
developing simple bioassays to predict, diagnose and evalu-
ate stress-related skeletal muscle degeneration. Since HSPB 
chaperones are critical cytoprotective factors that prevent 
and reverse stress-related /bre damage, they are also poten-
tially useful as therapy-monitoring biomarkers. In the future, 

the evaluation of disease model systems or routine testing in 
preclinical studies may pro/t from the usage of HSPB mole-
cules as reliable and robust muscle-associated markers of 
cellular stress. �is gives the detailed characterization of the 
HSPB chaperonome considerable importance for advancing 
several biomedical areas, including basic myology, applied 
physiology, sports medicine and neuromuscular pathology. 
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1. Introduction 

Clinical samples from patients are extremely valuable and 
the amount of material and cells available is very low, o,en 
di-cult to obtain and thus extremely precious. A 0ne-needle 

aspiration biopsy (FNAB) is a relatively painless and straight-
forward minor surgical diagnostic procedure used to extract 
cellular material from percutaneous masses and/or drain 7uid
-0lled cysts. A very 0ne gauge needle is inserted and the cells 
and/or 7uid are aspirated (suctioned) from the mass into the 
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Ke application of proteomics to patient material is increasingly widespread, however, a major shortcoming still are the number of cells or 
protein material that can be obtained. Kis study explores the lower limit of cell numbers that can be successfully analysed by liquid chroma-
tography mass spectrometry to determine the protein expression pro0le that is speci0c to, and indicative of, the investigated cell type. Ke aim 
was to analyse an equivalent quantity of cellular material that can be obtained from, e.g., a 0ne-needle aspiration biopsy (FNAB). Fi,een thou-
sand and 30,000 cells from adherent (HEK293) and suspension (U937) cell lines were lysed under two diLerent conditions: a ‘native’ and a 
denaturing buLer. To extend the study to clinical material, human whole PBMCs were also lysed under identical conditions. Proteins from 
5,000 and 10,000 cells were analysed by both 1D and 2D-LC-MSMS on an LTQ Orbitrap XL mass spectrometer. In total, 3,219; 1,693 and 659 
unique proteins were identi0ed from HEK293, U937 and total PBMCs, respectively. Additionally, an iTRAQ 4-plex experiment was performed 
to determine the relative quantity of the proteins in the three cell types. In this study, we show that it is feasible to obtain a deep, yet cell-
speci0c protein pro0le from a very low number of cultured and primary cells. Kis advancement will enable proteomic-pro0ling of cellular 
material from 0ne needle aspiration biopsies that ultimately can assist cytopathologists in the diagnosis of disease. 

Keywords: mini-proteome; iTRAQ; FNAB; PBMC; HEK293; U937. 

Abstract 

Abbreviations 

1D-LC-MSMS: one-dimensional liquid chromatography tandem mass spectrometry; 1D-SDS-PAGE: one-dimensional sodium dodecyl-
sulphate polyacrylamide gel electrophoresis; 2D-LC-MSMS: two-dimensional liquid chromatography tandem mass spectrometry; CID: colli-
sion-induced dissociation; DMEM: Dulbecco's modi0ed eagle medium; FASP: 0lter-aided sample preparation; FCS: fetal calf serum; FNAB: 
0ne-needle aspiration biopsy; GO: gene ontology; HCD: higher-energy collision-induced dissociation; iTRAQ: isobaric tag for relative and 
absolute quantitation; LCM: laser-capture microdissection; LCMS: liquid chromatography mass spectrometry; LTQ: linear trap quadrupole; 
PBMC: peripheral blood mononucleocytes; PBS: phosphate-buLered saline; RPMI: Roswell Park Memorial Institute medium; SD: standard 
deviation; SDS: sodium dodecylsulfate; TEAB: triethylammonium bicarbonate. 
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needle, stained, examined by a cytopathologist and a clinical 
diagnosis made. Ke number of cells obtained via FNAB is 
exceptionally low and proteomic analysis of the material in 
the aspirated sample is extremely challenging. Kus, only a 
limited number of studies exist on proteomic pro0ling of 
FNAB [1-5]. In a study by Rapkiewicz et al. [6], 0ne-needle 
aspiration samples from breast tumors were analyzed by 
quantitative protein microarray technology. Kese research-
ers calculated that the number of cells in frozen aspirate 
samples was in the range of 1,000–50,000 cells. 

Ke analysis of ‘core’ proteomes by liquid chromatography 
mass spectrometry (LCMS) has been performed on large 
quantities (30-50 µg) of protein from cell lysates of immor-
talised, cultured cells [7-9]. Protein numbers ranged from 
approximately 1,800 [7] to between 2,000-4,000 [8] and up 
to 10,500 [9] non-redundant proteins from a single cell line. 
Ke historical increase in protein numbers re7ects the com-
bination of improved MS instrumentation technology and 
sample preparation methodology. With limited protein 
quantities, e.g., from clinical samples, older generation mass 
spectrometers were unable to delve deeply into the proteome 
of a low number of patient cells. Ke advent of the hybrid 
linear trap quadrupole (LTQ) and quadrupole only Orbitrap 
series of mass spectrometers has meant that it is now possi-
ble to analyse low numbers of cells from primary sources. 
More importantly, such analyses do not just result in the 
identi0cation of the usual abundant, ‘uninteresting’ house-
keeping proteins but actually lead to the identi0cation of cell
-speci0c proteins. Some key examples from the literature 
include: 3,800 proteins identi0ed from an equivalent of 5,000 
FACS-sorted colon stem cells [10]; single islets of Langer-
hans and ~10,000 laser-capture microdissected (LCM) 
mouse kidney glomeruli containing 2,000-4,000 and ~2,400 
proteins, respectively [11]; 900-1,900 proteins from 250-
10,000 FACS-sorted short-term culture melanoma cells [12, 
13]; ~1,000 proteins from 3,000 LCM-derived breast carci-
noma tumor cells [14]; and 3,600-4,400 proteins from 20,000 
microdissected formalin-0xed, para-n-embedded colon 
carcinoma cells [15]. 

Ke current study was designed to ascertain the depth that 
could be obtained from a low number of cells using our sam-
ple preparation approach and MS instrumentation. In par-
ticular, we were interested in establishing appropriate exper-
imental conditions for a ‘native’ lysis buLer with the goal of 
analysing cellular proteomes from small quantities of materi-
al. Ke data generated would be used to assess the feasibility 
of a planned projection into routine proteomic analyses of 
FNAB. Ke ‘native’ lysis buLer, that was ultimately chosen, 
closely resembled buLers commonly used for investigating 
native protein complexes and protein interactions. Consid-
ering the medical impact and relevance for translational re-
search, there is an increasing interest in investigating altera-
tions in protein complex formation or pathway composition 
and also protein-drug interactions directly from clinical ma-
terial [16]. In all cases, such experiments require cellular lysis 
conditions that maintain and preserve native protein confor-

mations and interactions, i.e., non-denaturing. In parallel, 
denaturing conditions that utilise buLers containing urea 
can supplement the data by ‘releasing’ proteins from cellular 
compartments that are not completely accessible with a 
‘native’, non-denaturing buLer alone. Furthermore, urea 
buLers are included in commercially-available kits for en-
richment of post-translationally-modi0ed (PTM) peptides 
(e.g., phosphotyrosine-enrichment). It has also been report-
ed that urea-based buLers have a certain advantage over SDS
-containing buLers in the analysis of cancer tumors [17]. 

Ke well-known and extensively-studied adherent HEK-
293 cell line was chosen as a model, the methodology ex-
tended to a human macrophage suspension cell line (U937) 
and 0nally to readily-obtainable primary human total pe-
ripheral blood mononucleocytes (PBMCs) to mimic a clini-
cal setting. Two lysis conditions were chosen and evaluated 
on the three diLerent cell types: (i) a ‘native’ buLer consist-
ing of 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 0.5% NP
-40, 1mM PMSF, pH 8.0; and (ii) a denaturing buLer com-
prised of 9 M urea, 20 mM HEPES, 1mM PMSF, pH 8.0. 
Fi,een thousand and 30,000 cells were lysed and the protein 
equivalent of 5,000 or 10,000 cells analyzed by one-
dimensional liquid chromatography tandem mass spectrom-
etry (1D-LC-MSMS). Ke peptide digests from 15,000 and 
30,000 lysed cells were also separated by reversed-phase 
chromatography, 20 fractions collected and analyzed by LC-
MSMS. Finally, to add relative quantitative information to 
the proteins identi0ed from the diLerent cell types, iTRAQ 
labeling coupled to 2D-LC-MSMS was used to compare the 
three diLerent cell types lysed under two diLerent condi-
tions. Functional annotation analysis was utilised to evaluate 
the obtained protein lists to determine the speci0city of the 
individual cellular proteomes. 

2.Material and Methods 

2.1 Reagents 

Iodoacetamide, dithiothreitol (DTT), HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 1 M tri-
ethylammonium bicarbonate (TEAB), formic acid, urea, 
NaCl, EDTA (ethylenediaminetetraacetic acid), thiourea, 
DMEM, protease inhibitor cocktail, PMSF 
(Phenylmethanesulfonyl 7uoride), ≥99.0% (SIGMA-Aldrich, 
St. Louis, MO); trypsin (Promega Corp., Madison, WI); 
RPMI, PBS, penicillin/streptomycin (PAA, Pasching, Aus-
tria), iTRAQ (ABI, Framingham, MA); FCS (Gibco, Grand 
Island, NY), NP-40 Alternative (CALBIOCHEM, San Diego, 
CA), KryptonTM Protein Stain (Kermo Scienti0c, Austria, 
Vienna). 

2.2 Collection of HEK293 and U937 cells 

HEK293 and U937 cells were grown as adherent (in 
DMEM medium) and suspension cultures (in RPMI medi-
um) respectively. Each media was complemented with 10% 
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foetal calf serum (FCS) and 1% penicillin/streptomycin. 
Cells were harvested in posphate-buLered saline (PBS) solu-
tion and counted with a CASY® cell counting system (Roche 
Diagnostics, Rotkreuz, Switzerland). Multiple aliquots of 
15,000 and 30,000 cells were collected in 1.5 mL eppendorf 
tubes and centrifuged at 1,800×g for 5 min at 4°C. Ke su-
pernatant was removed and discarded; and the cell pellets 
stored at -80°C until required. 

2.3 Collection of peripheral blood mononucleocytes (PBMCs) 

Venous blood from a healthy donor was collected into BD 
Vacutainer tubes containing EDTA and diluted 1:1 in PBS. 
PBMCs were separated using LSM 1077 lymphocyte separa-
tion media (PAA Austria) by density gradient centrifugation 
at 2,100 r.p.m. for 30 min (Sorvall RT6000B) and washed 
with PBS by centrifugation for 10 min at 1,200 r.p.m. 
(Sorvall RT6000B). Contaminating erythrocytes were re-
moved by incubation in a lysis buLer (containing 0.15 M 
NH4Cl, 0.01 M NaHCO3 and 0.1 mM EDTA, pH 7.2) for 10 
min at 4°C and washing with PBS by 20 min centrifugation 
at 800 r.p.m. (Sorvall RT6000B), which also eliminated re-
maining platelets. PBMCs (4 × 107 cells) were counted with a 
Neubauer counting chamber (Karl Roth GmbH, Karlsruhe, 
Germany) and aliquots of 15,000 and 30,000 cells collected. 
Cells were centrifuged, the supernatant removed, and pellets 
frozen at -80°C and stored until required. 

2.4 Assessing lysis conditions for large quantities of cells  

HEK293 cells (8.7×106) were collected and lysed in 1 mL 
under the following six diLerent conditions: (i) 50 mM 
HEPES, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1 mM 
PMSF, pH 8.0 (no sonication). Cells were incubated for 30 
min at 4°C; and then centrifuged at 20,000 × g for 15 min at 
4°C. (ii) 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 1 mM 
PMSF, pH 8.0 (+ sonication). Cells were sonicated at 70% 
output with 3 bursts of 30 s; and cooled on ice for 30 s be-
tween each burst. Ke resultant lysates were centrifuged at 
20,000 × g for 15 min at 4°C. (iii) 20 mM HEPES, 9 M urea, 
pH 8.0 (no sonication). Cells were incubated for 30 min at 
room temperature, with vortexing every 10 min, and centri-
fuged at 20,000 × g for 15 min at RT. (iv) 20 mM HEPES, 9 
M urea, pH 8.0 (+ sonication). Cells were incubated for 30 
min at room temperature, with vortexing every 10 min, and 
with sonication at 70% output with 3 bursts of 30 s; and cen-
trifuged at 20,000 × g for 15 min at RT. (v) 20 mM HEPES, 7 
M urea, 2 M thiourea, pH 8.0 (+ sonication). Cells were in-
cubated for 30 min at RT, with vortexing every 10 min, and 
with sonication at 70% output with 3 bursts of 30 s; and cen-
trifuged at 20,000 × g for 15 min at RT.  

2.5 Protein concentration measurement  

Ke total protein content of HEK293 cell lysates generated 
from 8.7×106 cells was determined by the Bradford assay 

(using bovine serum albumin as a protein standard). 

2.6 ‘Native’ bu+er lysis and in situ tryptic digestion 

Fi,een thousand and 30,000 HEK293, U937 and human 
total PBMC cells were individually lysed in 100 µL ‘native‘ 
buLer: 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 0.5% 
NP-40, 1 mM PMSF, pH 8.0 and incubated for 30 min at 4°
C. Cell lysates were centrifuged at 20,000 × g for 15 min at 4°
C and the protein extracts (supernatants) were collected. 
Laemmli buLer was added, and the samples were reduced 
and alkylated with dithiothreitol and iodoacetamide, respec-
tively. 1D-SDS-PAGE of the lysates was performed on 
Novex Bis-Tris 4-12% gels at 200 V for 15 min only. Gels 
were stained with colloidal Coomassie blue. Stained gel re-
gions containing the proteins were excised from the gel and 
digested in situ with trypsin at 37°C overnight. Tryptic di-
gests were concentrated and puri0ed by solid phase extrac-
tion (SPE) (UltraMicroSpin columns 3-30 µg capacity, Nest 
Group Inc., Southboro, MA, USA), the volumes reduced to 
approximately 2 µL in a vacuum centrifuge and reconstitut-
ed in 26 µL 5% formic acid for 1D-LC-MSMS triplicate anal-
ysis. 

2.7 Denaturing lysis and solution tryptic digestion  

Fi,een thousand and 30,000 HEK293, U937 and human 
total PBMC cells were individually lysed in 100 µL denatur-
ing buLer: 20 mM HEPES, 9 M urea, pH 8.0 for 30 min at 
room temperature. Samples were vortexed every 10 min. Cell 
lysates were centrifuged at 20,000 × g for 15 min at RT and 
the protein extracts (supernatants) were collected. Samples 
were diluted with 100 mM TEAB to a 0nal concentration of 
1.4 M urea, reduced with dithiothreitol, alkylated with iodo-
acetamide and digested with 0.5 µg modi0ed porcine trypsin 
at 37°C overnight. Tryptic digests were concentrated and 
puri0ed by solid phase extraction (SPE) (UltraMicroSpin 
columns 3-30 µg capacity, Nest Group Inc., Southboro, MA, 
USA), the volumes reduced to approximately 2 µL in a vacu-
um centrifuge and reconstituted in 26 µL 5% formic acid for 
1D-LC-MSMS triplicate analysis. 

2.8 iTRAQ derivatisation 

Ke tryptic digests from 30,000 cells lysed in either the 
‘native’ or denaturing buLer were derivatised with the 4-plex 
iTRAQ reagent (ABI, Framingham, MA) [18] and labelled 
according to the instructions provided by the manufacturer. 
Two iTRAQ 4-plex experiments were prepared. One experi-
ment was performed on cells lysed in the ‘native’ buLer. 
iTRAQ labels 114, 115, corresponded to 30,000 HEK293 
cells; 30,000 U937 cells; and 116 and 117 corresponded each 
to 30,000 PBMC cells, respectively. In the other experiment, 
the same labeling was performed but on the tryptic digests 
from the denaturing buLer. 
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2.9 Reversed-phase reversed-phase (RPRP) separation for 2D-
LC-MSMS [19] 

Tryptic digests from the ‘native’ and denaturing individual 
cell lysates and also for the two iTRAQ experiments were 
concentrated and puri0ed by SPE (UltraMicroSpin columns 
3-30 µg capacity, Nest Group Inc., Southboro, MA, USA) 
and reconstituted in 23 µL 100 mM TEAB, pH 10, prior to 
injection onto a Phenomenex column (150 × 2.0 mm Gemi-
ni-NX 3 µm C18 110Å, Phenomenex, Torrance, CA, USA) 
on an Agilent 1200 series HPLC (Agilent Biotechnologies, 
Palo Alto, CA). Twenty and 40 fractions were collected for 
expression and quantitative proteomics, respectively. All 
fractions were acidi0ed with 5 µL 5% formic acid and the 
volumes reduced to approximately 2 µL in a vacuum centri-
fuge. Samples were reconstituted to 26 µL with 5% formic 
acid and analysed as technical duplicates by LC-MSMS. De-
tails of the methodology are as previously described [20]. 

2.10 Liquid chromatography mass spectrometry 

Mass spectrometry was performed on a hybrid linear trap 
quadrupole (LTQ) Orbitrap XL mass spectrometer (Kermo 
Fisher Scienti0c, Waltham, MA) using the Xcalibur version 
2.0.7 (expression proteomics). iTRAQ experiments were 
analysed on a hybrid LTQ Orbitrap Velos (KermoFisher 
Scienti0c, Waltham, MA) using the Xcalibur version 
2.1.0.1140 (relative iTRAQ quantitation). Ke Orbitrap mass 
spectrometers were coupled to an Agilent 1200 HPLC 
nano7ow system (dual pump system with one precolumn 
and one analytical column) (Agilent Biotechnologies, Palo 
Alto, CA) via a nanoelectrospray ion source using liquid 
junction (Proxeon, Odense, Denmark). Solvents for LCMS 
separation of the digested samples were as follows: solvent A 
consisted of 0.4% formic acid in water and solvent B consist-
ed of 0.4% formic acid in 70% methanol and 20% isopropa-
nol. From a thermostatted microautosampler, 8 µL of the 
tryptic peptide mixture were automatically loaded onto a 
trap column (Zorbax 300SB-C18 5 µm, 5×0.3 mm, Agilent 
Biotechnologies, Palo Alto, CA) with a binary pump at a 
7ow rate of 45 µL/min. 0.1% TFA was used for loading and 
washing the pre-column. A,er washing, the peptides were 
eluted by back-7ushing onto a 16 cm fused silica analytical 
column with an inner diameter of 50 µm packed with C18 
reversed phase material (ReproSil-Pur 120 C18-AQ, 3 µm, 
Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). Ke 
peptides were eluted from the analytical column with a 27 
minute gradient ranging from 3 to 30% solvent B, followed 
by a 25 minute gradient from 30 to 70% solvent B and, 0nal-
ly, a 7 minute gradient from 70 to 100% solvent B at a con-
stant 7ow rate of 100 nL/min [20]. Ke analyses were per-
formed in a data-dependent acquisition mode using a top 6 
collision-induced dissociation (CID) method for peptide 
identi0cation alone (LTQ Orbitrap XL); or a top 10 high-
energy collision-induced dissociation (HCD) method for 
peptide identi0cation plus relative quantitation of iTRAQ 

reporter ions (LTQ Orbitrap Velos). Dynamic exclusion for 
selected ions was 60s. A single lock mass at m/z 445.120024 
was employed on the LTQ OrbitrapVelos [21], but no lock 
mass was used on the LTQ Orbitrap XL. Maximal ion accu-
mulation time allowed on the LTQ Orbitrap in CID mode 
was 150 ms for MSn in the LTQ and 1,000 ms in the C-trap. 
Automatic gain control was used to prevent over0lling of the 
ion traps and were set to 5,000 (CID) in MSn mode for the 
LTQ, 106 ions for a full FTMS scan and 105 ions for HCD. 
Maximum ion time for HCD was set to 1,000 ms for acquir-
ing 1 microscan at a resolution of 7,500. Intact peptides were 
detected in the Orbitrap at 100,000 resolution for CID frag-
mentation and 30,000 for HCD fragmentation experiments. 
Ke threshold for switching from MS to MSMS was 2,000 
counts. 

2.11 Data analysis 

Ke acquired raw MS data 0les were converted into Mas-
cot generic format (mgf) 0les with msconvert (ProteoWizard 
Library v2.1.2708). Ke resultant peak lists were searched 
against the human SwissProt database version 
v2010.09_20100812 (35,149 sequences, including isoforms as 
obtained from varsplic.pl) with the search engines Mascot 
(v2.3.02, MatrixScience, London, UK, www.matrixscie 
nce.com) and Phenyx (v2.6, GeneBio, Geneva, Switzerland) 
[22]. Submission to the search engines was via a Perl script 
that performs an initial search with relatively broad mass 
tolerances (Mascot only) on both the precursor and frag-
ment ions ( ±10 ppm and ±0.6 Da, respectively). High-
con0dence peptide identi0cations are used to recalibrate all 
precursor and fragment ion masses prior to a second search 
with narrower mass tolerances (±4 ppm and ±0.3 Da for CID 
and ±4 ppm and ±0.025 Da for HCD, respectively). One 
missed tryptic cleavage site was allowed. Carbamidomethyl 
cysteine and N-terminal and lysine residue iTRAQ labelling 
were set as 0xed modi0cations, and oxidised methionine was 
set as a variable modi0cation. For the two-dimensional LC-
MSMS samples, 10 individual analyses were merged into a 
single .mgf 0le prior submission to the search engines.  

To validate the proteins, Mascot and Phenyx output 0les 
were processed by internally developed parsers. Proteins 
with ≥2 unique peptides above a score T1, or with a single 
peptide above a score T2, were selected as unambiguous 
identi0cations. Additional peptides for these validated pro-
teins with score >T3 were also accepted. For Mascot and 
Phenyx, T1, T2 and T3 were equal to 12, 45, 10 and 5.5, 9.5, 
3.5, respectively (p-value <10−3). Following the selection cri-
teria, proteins were grouped on the basis of shared peptides, 
and only the group reporters are considered in the 0nal out-
put of identi0ed proteins. Spectral con7icts between Mascot 
and Phenyx peptide identi0cations were discarded. Ke 
whole procedure was repeated against a reversed database to 
assess the protein group false discovery rate (FDR). Peptide 
and protein group identi0cations were<0.1 and <1% FDR, 
respectively. 
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Comparisons between analytical methods involved com-
parisons between the corresponding sets of identi0ed pro-
teins. Kis was achieved by an internally-developed program 
that simultaneously computes the protein groups in all sam-
ples and extracts statistical data such as the number of dis-
tinct peptides, number of spectra, and sequence coverage. 

2.12 iTRAQ Quantitation 

Ke quantitation module of Proteome Discoverer 1.4, ver-
sion 1.4.0.288 (Kermo Fisher Scienti0c, Waltham, MA) was 
used to assess the ratios for the individually-tagged tryptic 
digests of 30,000 HEK293, U937 and PBMCs. Ke intensity 
of the iTRAQ 4-plex reporter ions were integrated using the 
default settings for centroid peak detection at the highest 
con0dence and a mass tolerance of 20 ppm. Correction for 
isotopic impurities was not performed. In addition, spectra 
with reporter ion intensities below 100 counts; and spectra 
with co-isolation of contaminating peptides exceeding 40% 
of the selected precursor ion were excluded from the protein 
ratio calculations. Ke median ratios for all peptides was 
calculated for each pair of cell lines (114/115, 114/116 
114/117, 115/114, 115/116, 115/117, 116/114, 116/115, 
117/114, 117/115), but shared peptides were excluded from 
quantitation. Protein ratios for the two combined technical 
replicates were calculated using the arithmetic mean of the 
protein ratios (median ratio of all used peptide ratios) for 
each replicate. 

2.13 Functional annotation analysis 

Functional annotation analysis of the identi0ed proteins 
was performed using the DAVID Bioinformatics Resources 
6.7 [23, 24]. Enrichment of GENETIC_ASSOCIATION_ 
DB_DISEASE categories were performed with the thresh-
olds: Count = 2, EASE = 0.05. Enrichment of 
KEGG_PATHWAY and UP_TISSUE categories were per-
formed with the thresholds: Count = 2, EASE = 0.01. REVI-
GO was used to summarize the GO analysis [25]. 

3. Results and Discussion 

3.1 Selection of the optimal cell lysis conditions. 

Standard laboratory buLers for lysing cells usually include 
solubilising agents (e.g., NP-40 or other detergents) and/or 
denaturing agents (e.g., urea, thiourea or SDS) to facilitate 
protein extraction. Additionally, sonication is o,en advised 
to aid in clari0cation of the cell lysate. To determine the op-
timal conditions for the present study, a series of standard 
laboratory lysis conditions were evaluated on cultured, ad-
herent HEK293 cells. Ke chosen conditions were: (i) 50 mM 
HEPES, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, pH 8.0; 
(ii) 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, pH 8.0 
(without NP-40) but with sonication; (iii) and (iv) 9 M urea; 
20 mM HEPES, pH 8.0 ± sonication; and (v) 7 M urea, 2 M 

thiourea, 20 mM HEPES, pH 8.0 + sonication. In 1 mL of 
each of the six buLers described above, 8.7×106 cells were 
lysed. Following lysis, aliquots corresponding to 1,000 cells 
were removed to simulate low quantities of cellular material. 
Samples lysed in buLers containing NP-40 (i.e., ‘native’ buL-
ers) were analysed by 1D-gel-LC-MSMS and samples lysed 
in urea (i.e., denaturing buLers) were analysed as technical 
duplicates by gel-free 1D-LC-MSMS. 

Ke total number of proteins identi0ed by 1D-LC-MSMS 
from the aliquots of cell lysate corresponding to 1,000 cells 
was evaluated (Supplementary Figure S1 A). Ke two buLers 
that gave the highest number of identi0ed proteins were: (i) 
HEPES with NP-40; and (iii) urea buLer. For the proteins 
identi0ed in these samples, the Gene Ontology classi0cation 
for cellular component (GOTERM_CC) was performed (P-
value <0.01, Supplementary Figure S1 B). As anticipated, the 
protein extracts generated with the buLer containing NP-40 
were enriched for the GO terms: membrane-bound orga-
nelles, mitochondria, endoplasmic reticulum, and organelle 
lumen. Conversely, analysis of the extracts from the urea 
lysis buLer complemented the ‘native’ buLer data set by 
providing additional ribosomal and nuclear proteins. Kus, 
these two lysis conditions: (i) a ‘native’ buLer comprised of 
50 mM HEPES, 150 mM NaCl, 5 mM EDTA with 0.5% NP-
40); and (iii) a denaturing buLer containing 9 M urea (both 
without sonication) generated the highest number of identi-
0ed proteins that together cover the broadest range of cellu-
lar components. Subsequently, both buLers were chosen for 
further evaluation. 

3.2 Determining the protein content from low cell numbers 

All the standard laboratory methods for determining pro-
tein concentration failed to provide accurate and reproduci-
ble values for the low numbers of cells analysed in this study. 
Nevertheless, we were curious to attempt to estimate the 
quantity of protein from a low number of cells. Kus, the 
quantity of protein in 10,000 HEK293, U937 and human 
primary PBMCs was determined as follows. Kirty thousand 
cells of each type were lysed in ‘native’ buLer; one third of 
each sample resolved by 1D-SDS-PAGE (simulation of 
10,000 lysed cells), stained with 7uorescent Krypton Protein 
Stain and visualised with ChemiDocTM MP Imaging System 
(BIO-RAD) (Figure 1A). In addition, one third of the extract 
from 30,000 HEK293 cells was loaded onto a gel together 
with serial dilutions of the cell lysate from 8.7×106 HEK293. 
Both samples were lysed under identical conditions. For the 
larger sample, an accurate determination of the protein con-
tent was achieved using the Bradford assay. A dilution series 
was used to calibrate the protein content, and thus, the pro-
tein quantity in the lysate of 10,000 cells was estimated by 
7uorescence intensity of the gel lanes analysed with Image 
Lab 5.0 so,ware (BIO-RAD) (Figure 1B). For HEK293, 
10,000 cells equated to 780 ng total protein. Perhaps as a 
consequence of the smaller size (ranging from 7-20 µm in 
diameter) and mixed cell population of human primary 



Parapatics et al., 2014 | Journal of Integrated Omics 

30-43: 35 

PBMCs (consisting of neutrophils, eosinophils, basophils, 
lymphocytes, monocytes); the quantity of protein for 10,000 
PBMCs is approximately 4 times less than for both HEK293 
and U937 cells, as estimated by comparison of 7uorescense 
intensity of the lanes on the gel (Figure 1A). All subsequent 
experiments were based on the number of cells rather than 
on the quantity of protein in the lysate. 

3.3 Determining the proteome of low cell quantities 

To emulate the situation of low sample availability, e.g., 
human FNAB and/or core needle biopsies, aliquots of 3,000, 
15,000 and 30,000 HEK293 cells were lysed under (i) ‘native’ 

and (iii) denaturing conditions. Each sample was analysed as 
technical triplicates by 1D-LC-MSMS (each replicate thus 
corresponds to the analysis of 1,000, 5,000 and 10,000 cells). 
Interestingly, the result obtained from 5,000 cells lysed in the 
urea denaturing buLer (191 proteins) (Supplementary Figure 
S2) was comparable to a 1,000 cell aliquot from a higher 
number of cells lysed in the same buLer (148 proteins) 
(Supplementary Figure S1 A). Ke result from the 1,000 cells 
lysed under these conditions was unsatisfactory due to the 
extremely low number of identi0ed proteins (Supplementary 
Figure S2). Kis is a critical point when reviewing data from 
the literature and designing proteomic experiments involv-
ing low cell numbers. It is important to distinguish between 
the types of approaches used in terms of the quantity of cel-
lular material analysed. Ke total lysate of a low quantity of 
cells results in less protein identi0cations, than the same 
quantity of cells taken as an aliquot from a signi0cantly larg-
er number of lysed cells. Kis observation is simply explained 
by the fact that larger relative losses from small starting 
quantities are incurred during the sample preparation. Based 
on these 0ndings, further experiments were performed on 
aliquots of 15,000 and 30,000 cells only. 

Fi,een thousand and 30,000 HEK293 cells, U937 cells and 
primary human PBMCs were lysed in the two chosen buL-
ers: (i) ‘native’ and (iii) denaturing. One third of each sample 
corresponding to 5,000 and 10,000 cells, respectively, was 
analysed by 1D-gel-based (‘native’ lysis) and 1D-gel-free 
(denaturing lysis) LC-MSMS. A schematic of the experi-
mental design is shown in Figure 2. In parallel, a second set 
of samples were analysed by 2D-LC-MSMS. Ke proteins 
identi0ed in all conditions from HEK293, U937 and PBMC 
cells are presented in Supplementary Tables S1, S2 and S3. In 
almost all instances, fractionation of the samples prior to LC
-MSMS analysis gave a higher number of identi0ed proteins 
compared to the 1D approach (Figure 3A). Only the PBMCs 
lysed in the urea denaturing buLer gave a poorer result 
(Figure 3A, le, panel). Obviously, with a very low quantity 
of starting material (estimated below 100 ng protein from 
Fig.1) the additional fractionation step only resulted in fur-

Figure 1. Calibration and determination of the protein content 
in 10,000 lysed cells. Samples were separated on a 4-12% Bis-Tris 
gel and proteins visualized by KryptonTM Protein Stain. (A) Protein 
extract from 30,000 lysed cells with one third of the extract loaded. 
Lane 1: 10,000 HEK293 cells; lane 2: 10,000 U937 cells; and lane 3: 
10,000 primary human PBMCs. (B) Comparison of 10,000 HEK-
293 cells from 30,000 cells extract with serial dilution of the protein 
extract from 8.7×106 lysed HEK293 cells. Protein content in the 
larger sample was determined by the Bradford assay. Lane 1: ⅓ 
protein extract from 30,000 cells (10,000 cells); Lane 2: 10 µg; Lane 
3: 5 µg; Lane 4: 2.5 µg; Lane 5: 1.25 µg; Lane 6: 0.625 µg; Lane 7: 
0.313 µg; Lane 8: 0.156 µg; Lane 9:0.078 µg. 

Figure 2.Schematic of the experimental design. 
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ther dilution of the sample and/or sample loss leading to the 
observed decrease in the number of identi0ed proteins com-
pared to the 1D-LC-MSMS analysis. 

As is o,en the case for proteomic experiments, using two 
conditions leads to an additive eLect. Ke results of the 
diLerent lysis buLers with respect to the number of proteins 
identi0ed by 1D- and 2D- analyses of 5,000 and 10,000 cells 
are shown in Fig. 3B. As can be seen from this 0gure, the 
‘native’ extraction conditions were more successful than the 
urea denaturing conditions; as evidenced by the higher num-
ber of proteins identi0ed from the cells. Nevertheless, the 
results of the two lysis conditions are complementary with 
respect to the number of unique proteins identi0ed. 

When the quantity of material used for each experiment 
was compared, naturally 10,000 cells (initially 30,000 cells 
lysed) resulted in a higher number of identi0ed proteins in 
all three cell types (Figure 3C). Approximately two thirds of 
the total number of proteins identi0ed in HEK293 cells was 
common to the 5,000 and 10,000 cells; and three quarters of 
the proteins from the U937 cells were also shared. Kis ap-
peared to occur even when applying a 2D approach that uti-
lised additional sample fractionation. In contrast, only ap-
proximately one third of all the identi0ed proteins from the 
PBMCs were evident for the results of diLerent cell quanti-
ties. It is possible to surmise that for this cell type, 5,000 cells 
challenges the lower limits of successfully extracted protein 

material and sample fractionation and does not lead to an 
improvement in the number of proteins identi0ed.  

In total, 3,219; 1,693 and 659 unique proteins were identi-
0ed from HEK293, U937 and total PBMCs, respectively. 
From 5,000 cells, 2,208; 1,289; and 300 proteins were identi-
0ed and from 10,000 cells, 3,107; 1,546; and 650 proteins 
were identi0ed. Ke most ideal condition for sample pro-
cessing and subsequent analysis was to lyse 30,000 cells with 
the ‘native’ buLer followed by 2D-LC-MSMS. From this 
choice of experimental design alone, 2,790; 1,387; and 556 
proteins were identi0ed for the HEK293, U937 and PBMCs, 
respectively. 

3.4 ‘Mini-proteomes’ complement known cell line proteomes 
and provide additional proteins 

Some of the earlier studies on HEK293 and U937cultured 
cell lines were performed utilising comparative studies of the 
2D-gel approach combined with LC-MSMS [26-28] or 
MALDI-TOF analysis [26-28]. Ke earliest pro0le of HEK-
293 proteins analysed by 1D-SDS-PAGE combined with LC-
MSMS reported 1,111 and 1,063 proteins from the cytoplas-
mic and nuclear fractions, respectively [7]. A more recent 
publication identi0ed 8,543 proteins from HEK293 cells. To 
date, this is the largest reported proteome of the eleven cell 
lines that were compared [9]. Another study that aimed at 

Figure 3. Comparison of the number of unique proteins identi0ed from lysates of the three diLerent cell lines: HEK293, U937, and 
PBMCs, according to additional sample fractionation before LC-MSMS analysis, the two lyses conditions and the amount of starting cellular 
material. (A) Comparison of 1D- and 2D-LC-MSMS of 10,000 cells (proteins extracted from 30,000 lysed cells). Le, panel: protein extrac-
tions obtained with the ‘native’ NP-40 buLer. Right panel: protein extractions obtained with the denaturing urea buLer. Light grey circle, 1D-
LC-MSMS; dark grey circle, 2D-LC-MSMS. (B) Comparison of the denaturing urea buLer (light grey circle) versus the ‘native’ buLer (dark 
grey circle). For each cell line, the number of unique protein identi0cations was generated from the analysis of 5,000 and 10,000 cells (protein 
extract obtained from 15,000 and 30,000 lysed cells, respectively) combined with the analyses by 1D- and 2D-LC-MSMS. (C) Comparison of 
5,000 (light grey circle) and 10,000 cells (dark grey circle) (protein extract obtained from 15,000 and 30,000 lysed cells, respectively). For each 
cell line, the number of unique protein identi0cations was generated from the two lyses conditions (‘native’ and denaturing) combined with 
the analyses by 1D- and 2D-LC-MSMS. 
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describing the ‘core’ or ‘central’ proteome of diLerent cul-
tured cell lines, reported 4,154 and 2,073 protein groups for 
HEK293 and U937 cells, respectively [8]. Ke overall, central 
‘core’ proteome of the 0ve cell lines analysed in this work [8] 
consisted of 1,124 proteins. To the best of our knowledge, 
this is the only publication where HEK293 and U937 cell 
lines were proteomically-compared. As the cell lysis condi-
tions were similar to those used in the current study, our 
HEK293 and U937 proteomes were evaluated against this 
work [8]. Ke ‘mini-proteome’ of both cell lines did not cov-
er the ‘core’ proteome in entirety (Fig. 4 A, C). At the same 
time, however, the ‘mini-proteome’ generated from 5,000 
and 10,000 HEK293 cells lysed in the ‘native’ buLer and ana-
lysed by 2D-LC-MSMS revealed that 54% and 63%, respec-
tively, of the proteins identi0ed were not part of the ‘core’ 
proteome. Under the same conditions, 42% and 45% of the 
proteins identi0ed from 5,000 and 10,000 U937 cells, respec-
tively, also did not overlap with ‘core’ proteome. Kis obser-
vation suggested that these non-‘core’ proteins represent a 
speci0c component of the proteome pro0le for each of the 
two cell lines. Interestingly, even from the proteome of 5,000 
cells many proteins were identi0ed that were not apparent 
from the proteomes generated from a larger amount (6 µg) 
of material (Fig. 4 B, D). Not unexpectedly, the total number 
of proteins identi0ed in the individual HEK293 and U937 
‘mini-proteomes’ decreased proportionally when compared 
to the larger proteomes. Namely, a decrease of 1.7 and 1.8 
times for 10,000 HEK293 and U937 cells, respectively; and a 
decrease of 2.3 and 2.0 times for 5,000 cells (Fig 4 E). Com-
parison of each ‘mini-proteome’ with the ‘core’ proteome 
revealed that the U937 cells have a lower total number of 
protein identi0cations overlapping with the ‘core’ proteome 
than the HEK293 cells. For the HEK293 cells, however, the 
portion of the ‘core’ proteome proteins increased from 24% 
in the large proteome [8] to 46% in the 5,000 cell ‘mini-
proteome’. For the U937 cells, 46% of the large proteome 
overlaps with the ‘core’ proteome. Kis overlap increased to 
58% when a lower amount of material was analysed (Fig 4 
F). Kus, overall the smaller U937 proteome retained a larger 
portion of the ‘core’ proteome when the amount of analysed 
material was decreased. 

It is important to note that although decreasing the 
amount of analysed material leads to an expected decrease in 
the total number of proteins identi0ed, the obtained ‘mini-
proteome’ still included many proteins from the ‘core’ prote-
ome but also still remained representative of the cells under 
investigation. Ke relative abundance of the proteins ex-
pressed as emPAI values (Supplementary Table S4) showed 
that the most abundant proteins in the samples are from the 
‘core’ proteome and many of the non-‘core’ proteins have a 
low relative abundance. At the same time, the relative abun-
dance values have a large degree of variation for the ‘core’ 
proteins and also for the cell-speci0c proteins. As such, no 
direct connection between the abundance of a protein and 
the speci0city of that particular protein for certain cell type 
can be made. As many of the cell-speci0c proteins have an 

abundance similar to the ‘core’ proteins, the former thus 
have an equal opportunity to be identi0ed from low amounts 
of cellular material and therefore contribute to the cell-
speci0c proteome. 

Kere are a few publications describing the number of pro-
teins identi0ed in proteomic studies of PBMCs by 1D-LC-
MSMS. Kese include: 1,432 [29]; and 514 proteins from 50 
µg protein [30]. In our work, a total of 652 proteins were 
identi0ed. Nevertheless, it is important to note here that this 
number of protein identi0cations was generated from a low 
amount of material. From just one of the analysis conditions 
(i.e., 10,000 cells, ‘native’ buLer, 2D-LC-MSMS) 556 proteins 
were identi0ed. Interestingly, 17% of the PBMC proteome 
(115 protein identi0cations) from this current study did not 
correspond with the results from the two previously men-
tioned publications [29, 30] (Fig. 4 G). 

As PBMCs are primary cells and by extrapolation, primary 
cells of any origin are of relevance and interest in clinical 
studies, the total proteome of these cells will be described 
and characterized in more detail. In particular, we will focus 
on the newly-identi0ed proteins. 

Ke mentioned above, 115 proteins identi0ed from 
PBMCs were analysed using DAVID and the results revealed 
enrichment of the term IMMUNE as GENET-
IC_ASSOCIATION_DB_DISEASE_CLASS (Count = 13, p-
value 0.01); and hsa05322:Systemic lupus erythematosus as 
KEGG_PATHWAY (Count = 5, p-value 0.05) 
(Supplementary Table S5). Kese categories indicate a possi-
ble relevance of the proteins involved in immune responses 
for clinical studies. Gene Ontology analysis also revealed 
features that are characteristic of the function of blood cells. 
Ke most highly-enriched GO biological process categories 
in the DAVID analyses with subsequent enrichment in REV-
IGO were: immune system process, immune response, cellu-
lar component assembly, response to stimulus, and multi-
organism process (Fig 4H) (Supplementary Table S5). Re-
sponse to biotic stimulus, killing cells of other organisms, 
defense response to bacterium were also revealed.  

3.5 Identifying salient features of speci:c cell proteomes 

Summarised in Fig. 5A are the combined, complementary 
results for the 30,000 cells lysed under both the ‘native’ and 
denaturing conditions and analyzed by 2D-LC-MSMS. Ke 
largest and smallest proteome coverage was obtained for the 
HEK293 and PBMC cells, respectively. Ke overlap between 
all three cell types contained the majority of the PBMC pro-
teome, with around one third of the U937 proteome and 
almost one seventh of the HEK293 proteome. A similar out-
come was obtained for the three diLerent proteomes when 
the results from all the experimental conditions applied to 
each cell line were combined (Supplementary Figure S3). At 
the same time, both HEK293 and U937 have a speci0c and 
separate overlap with the proteome of the PBMCs. Kis was 
con0rmed by functional annotation of the obtained proteo-
mes for the ‘pathways’ (Fig. 5B; Supplementary Table S6) 
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and ‘disease’ categories (Fig. 5C; Supplementary Table S7). 
For the HEK293 cell proteome, among the speci0c catego-

ries of diseases that were enriched are bladder cancer, head 

and neck cancer, and leukemia. Kis is in accordance with 
the nature of the HEK cells being originally endothelial or 
epithelial cells immortalized from embryonic kidney tissue 

Figure 4. Comparison of the ‘mini-proteomes’ of HEK293, U937 and PBMC cells with the proteomes generated from larger amounts of 
protein. (A) (B) (C) (D) Comparison of the number of protein identi0cations from this current study with Burkard et al.8 ‘Core’ proteome 
from 5 cell lines8 (grey); large proteome of HEK293 cells (light green) and U937 cells (light orange) (50 µg protein lysate, 6 µg analysed;8) 
‘mini-proteomes’ of 10,000 HEK293 (medium green) and 10,000 U937 cells (medium orange) (30,000 cells lysed in the ‘native’ buLer and 
material from 10,000 cells analysed by 2D-LC-MSMS); ‘mini-proteomes’ of 5,000 HEK293 (dark green) and 5,000 U937 cells (dark orange) 
(15,000 cells lysed in the ‘native’ buLer and material from 5,000 cells analysed by 2D-LC-MSMS). (A) (C) HEK293 proteomes and the ‘core’ 
proteome from;8 (B) (D) U937 proteomes and the ‘core’ proteome from.8 (E) Comparison of the number of proteins identi0ed from (1) large 
proteome; (2) ‘mini-proteome’ from 10,000 cells; and (3) ‘mini-proteome’ from 5,000 HEK293 (green) and U937 cells (orange). (F) Compari-
son of the portion of the ‘core’ proteome observed in HEK293 (green) and U937 (orange) proteome obtained from the same amount of ana-
lysed material as indicated in (E). (G) Number of proteins identi0ed in the proteome of PBMCs from three independent studies. Current 
study (red) representing the total number of protein identi0ed from all combined experimental conditions; Haudek et al. (light grey);29 Mac-
carrone et al. (dark grey).30 (H) Enriched biological processes for the part of the PBMC ‘mini-proteome’ identi0ed in our work that does not 
overlap with published data. GO analysis from DAVID and REVIGO. 
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[31]. Enrichment of neural tube defects and ALS/
amyotrophic lateral sclerosis, both neurodegenerative diseas-
es [32], is in accordance with the opinion that HEK cells 
originate from the transformation of neuronal cells of kidney 
tissue [33]. In the ALS/amyotrophic lateral sclerosis disease 
category, SOD1 (SODC_HUMAN) was found and this is 
known to be associated with ALS [34]. 

U937 cells originate from blood cells [35], so it is not sur-
prising that these cells share common features with PBMCs. 
Both cell types were enriched for the disease category 
‘catalase activity’. Superoxide dismutase, catalase and gluta-
thione peroxidase (SODM_HUMAN, CATA_HUAMN and 
GPX1_HUMAN) are important in the protection against 
oxidative stress. Several HLA (human leukocyte antigene) 
histocompatibility antigens were found in the PBMCs and 
U937 cells (1A68, 1A03, 1B53, 1B51, 1B58, 1B73, 
1C12_HUMAN) that led to the enrichment of three other 
disease categories: hypothyroidism, spondyloarthropathies, 
and vitiligo. Although the PBMC proteome is the smallest of 
the three, many more disease categories were enriched from 
the data set (Fig. 5B, Supplementary Table S7). 

In the pathway analysis, the lower number of pathway 
categories enriched for U937 and PBMCs in comparison 
with HEK293 cells may be a re7ection of the size of the iden-
ti0ed proteome (Fig 5C). Nevertheless, U937 cells were spe-
ci0cally-enriched for lysosome and Fc gamma R-mediated 
phagocytosis pathways (Supplementary Table S6). Kis is in 
accordance with the origin of the cell line and coincides with 
the monocytic (in particular macrophage) cell characteristics 
[36]. Interestingly, the tight junction pathway was enriched 
in HEK293 which may re7ect the adherent growth pattern of 
these cells in culture compared to the U937 cell line. 

Ke main energy releasing metabolic pathways (e.g., gly-
colysis, pentose phosphate pathway, pyruvate metabolism 
and oxidative phosphorylation) were enriched in PBMCs. 
Excluding glutathione metabolism, however, nucleotide and 
amino acid metabolism pathways were not enriched. Kis 
coincides with the important role of glutathione metabolism 

in reductive processes to counteract oxidative stress. Ke 
decrease in many metabolic processes and also DNA and 
translation-related processes is complementary to the status 
of PBMCs as highly-diLerentiated cells. Despite the lower 
number of proteins identi0ed from PBMCs, there are several 
pathways speci0cally enriched in this cell type. Kese includ-
ed cell motility, cell communication and immune system 
pathways. From the PBMC ‘min-proteome’ a range of pro-
teins were also identi0ed that are speci0c for certain cell 
types [37] (Supplementary Figure S5). Kese included mono-
cytes, T cells, platelets and neutrophils.  

It is important to highlight that from such a low number 
of cells combined with the described cell lyses conditions 
and mass spectrometry approaches; it was possible to identi-
fy speci0c characteristics inherent to each cell type. Kis was 
particularly evident for the human PBMCs, which are pri-
mary, diLerentiated cells, in contrast to the two immortal-
ised cultured cells.  

3.6 Quantitative di+erences between speci:c cell proteomes 

For the quantitative analysis of the cell proteomes, 30,000 
cells were lysed with denaturing or ‘native’ buLers as de-
scribed above and shown in Fig. 2. A,er tryptic digestion, 
peptides from HEK293 and U937 were labelled with the 114 
and 115 iTRAQ reagents, respectively. In addition, two inde-
pendent PBMC preparations were labeled with the 116 and 
117 iTRAQ reagents (Fig. 6A). Samples were prepared and 
injected in amounts equivalent to those in the experiment 
without labeling. At the same time, the quantitative MSMS 
analysis of the labeled samples was performed by implemen-
tation of HCD ion fragmentation in contrast to the CID 
fragmentation for the non-quantitative approach. 

Taking into account the results from the two lysis condi-
tions, the total number of proteins identi0ed in these experi-
ments was 1,647 (Supplementary Table S8). In contrast, in 
the unlabelled experiments analysed by collision-induced 
dissociation (CID), a total of 3,374 proteins were identi0ed 

Figure 5. Comparison of the three cell types: HEK293 (green); U937 (orange); and human primary PBMCs (red). Data were generated 
on the proteins identi0ed from 10,000 cells lysed in the two buLers and analysed by 2D-LCMSMS. (A) Number of unique proteins identi0ed 
in the cell lines. (B) Number of disease categories. (C) Number of pathways enriched via functional annotation analysis. 
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from 10,000 cells lysed under the two conditions and ana-
lysed by 2D-LC-MSMS. Ke observed decrease in the total 
number of identi0ed proteins between the two approaches 
can be explained by: (i) additional losses incurred during the 
extra sample preparation steps; and (ii) the slower duty cycle 
of high-energy collision-induced dissociation (HCD) com-
pared to the duty cycle of CID. It has already been shown 

that the number of identi0ed proteins in plasma decreased 
around 1.5 times in TMT-labeled samples compared to the 
unlabelled counterpart [38]. Care should obviously be taken 
when a quantitative, chemical labelling approach is per-
formed on small amounts of material. 

Shown in Fig. 6B and 6C are the distributions of the 
iTRAQ relative ratio quantitation between the three cell lines 

Figure 6. Quantitative analysis of the ‘mini-proteomes’ of the three cell lines: HEK293, U937 and PBMCs. (A) Scheme of the iTRAQ label-
ling. (B) Distribution of iTRAQ ratios in the cells lysed with the NP-40 ‘native’ buLer. (C) Distribution of iTRAQ ratios in the cells lysed with 
the urea denaturing buLer. (D) Number of proteins identi0ed that were more abundant in each cell line in a pair-wise analysis. Mean of the 
ratios and SD were calculated using GraphPad Prism 6. Proteins are discussed as more abundant if the ratios are 2-fold diLerent and ratios 
are calculated in more than one replica. (E) Functional annotation analysis of the proteins from (B). Comparison of UP_TISSUE, 
KEGG_PATHWAY and GENETIC_ASSOCIATION_DB_DISEASE enrichment using DAVID Bioinformatics Resources 6.7. For 
UP_TISSUE and KEGG_PATHWAY, Count = 2, EASE = 0.01; for disease categories, Count = 2, EASE = 0.05; for the KEGG_PATHWAY of 
the PBMCs, Count = 2, EASE = 0.05. 
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for the ‘native’ buLer and the denaturing urea buLer, respec-
tively. Data is expressed as a log2[iTRAQ ratio]-fold diLer-
ence in protein abundance between the cell types. For both 
lyses conditions, the diLerences between the cultured and 
blood-derived cells are much greater than between the two 
cultured cell lines. From the 114/115 ratio (HEK293/U937), 
there are proteins more abundant in HEK293 cells and vice 
versa. Although the majority of the proteins obviously have a 
higher abundance in HEK293 and U937 cells compared to 
the PBMCs, there are still proteins that are more abundant 
in the PBMCs than either the HEK293 or the U937 cells. 
Some of these proteins exhibit up to a 3-fold diLerence in 
expression levels. Kis observation was particularly evident 
for the ‘native’ buLer (Fig. 6B). 

A pair-wise comparison between the three cell proteomes 
was performed to determine the total number of identi0ed 
proteins that are more abundant in each cell type (Fig. 6D). 
Again, it can be seen that the greatest diLerence between the 
proteomes is observed between the cultured cell lines and 
the primary PBMC cells. Nevertheless, 44 and 16 proteins 
from the PBMCs had a higher abundance compared to the 
HEK293 and U937 cells, respectively. Ke smaller diLerence 
between PBMCs and U937 might potentially re7ect the clos-
er origin between U937 cells and PBMCs. Numerous pro-
teins showed diLering degrees of abundance between the 
two types of cultured cells (Supplementary table S9). 

Figure 6E further shows the observed diLerences between 
the cell lines and also that it is feasible to distinguish the 
speci0city of each cell type. Kere are particular pathways 
enriched for each cell line. Due to the points noted earlier in 
this section that led to a decrease number of proteins identi-
0ed, the total number of enriched categories is also lower 
than from the unlabelled experiments. Additionally, for each 
cell type, only the proteins with a signi0cantly-higher ex-
pression (Supplementary table S9) were used for the enrich-
ment analysis (Supplementary table S10). Ke quantitative 
data con0rmed an enrichment of metabolic pathways 
(Supplementary table S11) in the cultured cells compared to 
the PBMCs. With a lower con0dence (EASY>0.1), only a few 
categories were enriched in the blood-derived cells. Kese 
were ECM receptor interaction, regulation of actin cytoskel-
eton, and hematopoietic cell lineage. Although the number 
of proteins that were shown to be diLerent in the PBMCs are 
relatively low, these are disease-related; and overall, there are 
more disease categories for the PBMCs in comparison to the 
other cells assessed in this study (Supplementary table S12). 
Among the proteins with an increased ratio in PBMCs are 
trombospondin-1 (P07996), gelsolin (P06396), several anti-
gens CD41 (P08514), CD61 (P05106), CD11b (P11215), 0-
brinogens (P06271, P06279), arachidonate 5-lipoxygenase-
activating protein (P20292). Kus, the approach con0rms the 
applicability of this type of study in analysing and determin-
ing salient features of proteomes from samples of low cell 
number. 

4. Concluding Remarks 

Comparative proteomic analysis of three diLerent cell 
types from low quantities of cellular material revealed that 
the data obtained contained information that was speci0c to, 
and representative of, the individual proteomes. Ke proteo-
mes obtained from a limited amount of cellular material 
(‘mini-proteomes’) were smaller with respect to the total 
number of proteins identi0ed than those obtained under 
similar conditions from larger quantities of cellular material. 
Although these ‘mini-proteomes’ contained a portion of the 
‘core’ proteome shared between many diLerent cell lines, the 
data also revealed many cell type speci0c proteins. 

Ke speci0city of the smallest possible proteome from a 
cell type and the minimal (critical) amount of material re-
quired to enable identi0cation is highly-dependent on the 
source of the cells. A portion of speci0c cell line proteins was 
reduced in the smaller proteome, e.g., U937 in comparison 
with HEK293. From the same number of cells as the cultured 
cell lines, the highly-diLerentiated PBMCs provided less pro-
tein material which was re7ected in the lower total number 
of identi0ed proteins. Despite this, however, the PBMCs 
proteome contained a larger percentage of speci0c proteins 
than either the HEK293 or the U937 cells. Kus, the limita-
tion caused by the lower amount of material was compen-
sated in these diLerentiated cells by a higher relative level of 
cell-speci0c proteins. Kis 0nding provides enormous poten-
tial and relevance to clinical studies from low amounts of 
cellular material, e.g., the proteomic analysis of scarce pa-
tient samples such as a 0ne-needle aspiration biopsy 
(FNAB). Although out of the main focus of this study, our 
data from a small amount of cells supplements the character-
isation of the PBMC proteome previously analysed by 1D-
LC-MSMS. We identi0ed and characterised an additional 
115 proteins for this cell type. 

Quantitation by chemical labelling and mass spectrometry 
is somewhat compromised when using small amounts of 
cells and protein material. At the same time, even for 
PBMCs it was possible to detect speci0c proteins when com-
paring the cell types to each other. It can be envisaged that 
with next generation approaches that combine improve-
ments in protein solubilisation, sample preparation tech-
niques and MS instrumentation (e.g., Q-Exactive) there will 
be an even deeper proteome of between 5,000-10,000 cells. 
Potentially, the analysis of material from even fewer cells will 
be facilitated and even deeper proteomic analyses, e.g., im-
proved quantitative or posttranslational modi0cations will 
be feasible. 

5. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/172/0 
 

Supplementary-material.pdf 0le contains the table of content of 
all supplementary 0les, Supplementary Figures S1-S4, and Supple-
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mentary Tables S6,S7 and S10-S12. Supplementary Tables S1-S5, S8 
and S9 can be found in the separate Excel 0les with corresponding 
names. 

Supplementary Figure S1 - Evaluation of buLers and lysis conditions 

for analysis of proteomes from small amounts of cellular material.  

Supplementary Figure S2 - Number of unique protein identi0ca-

tions from diLerent amounts of HEK293 cells lysed with the urea 

denaturing buLer. 

Supplementary Figure S3 - Comparison of number of unique pro-

teins identi0ed in three cell types. 

Supplementary Figure S4 - Proteins in PBMCs that are speci0c for 

certain blood cell types. 

Supplementary Table S1 - List of proteins identi0ed from HEK293 

cells.  

Supplementary Table S2 - List of proteins identi0ed from U937 cells. 

Supplementary Table S3 - List of proteins identi0ed from PBMCs.  

Supplementary Table S4 - emPAI values extracted from Mascot for 

the 30,000 cells analysed by 2D-LC-MSMS. 

Supplementary Table S5 - List of proteins identi0ed in our work 

from PBMCs (summary of all experimental approaches). Kese do 

not overlap with data previously published by Haudek et al., 2008 

and Maccarrone et al., 2013; and Gene Ontology analysis of these 

proteins. Excel 0le. 

Supplementary Table S6 - Comparison of functional annotation 

results for the three diLerent cell types: HEK293, U937 and PBMCs. 

Enrichment of KEGG_PATHWAY categories. 

Supplementary Table S7 - Comparison of functional annotation 

results for 3 diLerent cell types: HEK293, U937 and PBMCs. En-

richment of GENETIC_ASSOCIATION_DB_DISEASE categories. 

Supplementary Table S8 - Results from the iTRAQ quantitative 

experiments for the three cell types: HEK293, U937 and PBMCs. 

Ke table was generated from Proteome Discoverer. iTRAQ chan-

nels: 114, HEK293; 115, U937; 116 and 117, PBMCs. A and B, cells 

were lysed in denaturing buLer; C and D, cells were lysed in ‘native’ 

buLer. Excel 0le. 

Supplementary Table S9 - Lists of proteins with a signi0cantly high-

er level in each cell type. Sheet ‘summary’ contains calculation of 

fold diLerences in the level of all proteins identi0ed in the iTRAQ 

experiment for the three cell types. Other sheets in the 0le contain 

lists of protein with signi0cantly higher protein content in each pair 

of cell types. 

Supplementary Table S10 - List of proteins with a signi0cantly high-

er level in each cell type in comparison with the others in a pair-

wise comparison. 

Supplementary Table S11 - Comparison of functional annotation 

results for quantitative analysis of the three diLerent cell types: 

HEK293, U937 and PBMCs. Enrichment of KEGG_PATHWAY 

categories. 

Supplementary Table S12 - Comparison of functional annotation 

results for quantitative analysis of HEK293, U937 and PBMCs. 

Enrichment of GENETIC_ASSOCIATION_ DB_DISEASE catego-

ries. 
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1. Introduction 

�e rapid development of nanotechnology and its applica-
tions has led to a growing and widespread use of products 
containing NPs in a myriad of areas as diverse as electronics, 
cosmetics, food additives, and medicine [1]. Metal and metal 
oxide nanoparticles (NPs) such as Silver (Ag) titanium (IV) 

dioxide (TiO2), zinc oxide (ZnO), and copper oxide (CuO) 
are some of the most common industrial NPs additives for 
various applications [2, 3]. We have previously shown the 
cytotoxicity as well as the cellular ultra-structural e9ects of 
these NPs on Saccharomyces cerevisiae [4]. In this study we 
focus on the e9ects of the mentioned NPs on hepatocytes 
considering that for those NPs that succeed in entering the 

*Corresponding author: Prof. Susana Cristobal, Department of Clinical and Experimental Medicine, Cell Biology, level 13, Faculty of Health Science Lin-
köping University SE-581 85 Linköping, Sweden. Email address: Susana.Cristobal@liu.se Tel: +46-10-1030881 

ORIGINAL ARTICLE | DOI: 10.5584/jiomics.v5i1.184 

Proteomic and lipidomic analysis of primary mouse hepatocytes exposed to 
metal and metal oxide nanoparticles  

Sara Tedesco#1, Narges Bayat#2, Gabriela Danielsson2, Xabier Buque3, Patricia Aspichueta3, Olatz Fresnedo3, Susana Cristobal*1,3,4 

1Department of Clinical and Experimental Medicine, Health Science Faculty, Linköping University, Linköping, Sweden. 2Department of 
Biochemistry and Biophysics, Arrhenius laboratories, Stockholm University, Stockholm, Sweden. 3Department of Physiology, Faculty of 
Medicine and Dentistry, University of the Basque Country UPV/EHU, Leioa, Spain. 4IKERBASQUE, Basque Foundation for Science, Bilbao, 
Spain. #Both authors have equally contributed 

Received: 09 January 2015 Accepted: 09 March 2015 Available Online: 26 April 2015 

�e global analysis of the cellular lipid and protein content upon exposure to metal and metal oxide nanoparticles (NPs) can provide an over-
view of the possible impact of exposure. Proteomic analysis has been applied to understand the nanoimpact however the relevance of the alter-
ation on the lipidic proPle has been underestimated. In our study, primary mouse hepatocytes were treated with ultra-small (US) TiO2-USNPs 
as well as ZnO-NPs, CuO-NPs and Ag-NPs. �e protein extracts were analysed by 2D-DIGE and quantiPed by imaging soQware and the se-
lected di9erentially expressed proteins were identiPed by nLC-ESI-MS/MS. In parallel, lipidomic analysis of the samples was performed using 
thin layer chromatography (TLC) and analyzed by imaging soQware. Our Pndings show an overall ranking of the nanoimpact at the cellular 
and molecular level: TiO2-USNPs<ZnO-NPs<Ag-NPs<CuO-NPs. CuO-NPs and Ag-NPs were cytotoxic while ZnO-NPs and CuO-NPs had 
oxidative capacity. TiO2-USNPs did not have oxidative capacity and were not cytotoxic. �e most common cellular impact of the exposure was 
the down-regulation of proteins. �e proteins identiPed were involved in urea cycle, lipid metabolism, electron transport chain, metabolism 
signaling, cellular structure and we could also identify nuclear proteins. CuO-NPs exposure decreased phosphatidylethanolamine and phos-
phatidylinositol and caused down-regulation of electron transferring protein subunit beta. Ag-NPs exposure caused increased of total lipids 
and triacylglycerol and decrease of sphingomyelin. TiO2-USNPs also caused decrease of sphingomyelin as well as up-regulation of ATP syn-
thase and electron transferring protein alfa. ZnO-NPs a9ected the proteome in a concentration-independent manner with down-regulation of 
RNA helicase. ZnO-NPs exposure did not a9ect the cellular lipids. To our knowledge this work represents the Prst integrated proteomic and 
lipidomic approach to study the e9ect of NPs exposure to primary mouse hepatocytes in vitro. 

Keywords: nanoparticles; hepatocytes; proteomics; lipidomics; mass spectrometry; toxicity. 
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2D-DIGE: two-dimensional di9erence gel electrophoresis; NPs: nanoparticles; USNPs: ultra-small nanoparticles; ROS: reactive oxygen spe-
cies; DLS: dynamic light scattering. 
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bloodstream, either aQer inhalation, via the gastrointestinal 
tract or dermal absorption, the liver is one of the most im-
portant targets. Previous studies have demonstrated high 
accumulation and retention of NPs in liver aQer injection and 
digestion respectively [5-7]. TiO2–NPs are one of the most 
studied NPs due to their extensive application in paints, cos-
metics, and sunscreens [8, 9]. �e interest on ultra-small NPs 
(USNPs), size range between 1-3 nm, has increased 
enormously for its applicability to optics and theranostics 
[10, 11]. �e uniqueness of USNPs arises from possessing an 
extremely large surface area to volume ratio. �is property 
enables them to be regarded as large molecules and accentu-
ating the properties derived from interfacial interactions of 
the surface atoms with the solvent [12, 13]. A previous study 
has shown that gold USNPs were able to penetrate deeply 
into tumor spheroids, showed high levels of accumulation in 
tumor tissue in mice, and were distributed throughout the 
cytoplasm and nucleus of cancer cells in vitro and in vivo, 
whereas at 15 nm, they were found only in the cytoplasm, 
where they formed aggregates [14]. However, information 
about the toxicity and e9ects of TiO2-USNPs on the cellular 
response is scarce.  

Another NPs of great interest are ZnO- NPs, which due to 
their remarkable ultra-violet (UV) absorption and optical 
properties, are included in personal care products such as 
toothpaste, cosmetics, and textiles [15]. However exposure to 
ZnO-NPs through inhalation has been shown to cause 
toxicity through a battery of mechanism including cell stress 
and in[ammation [16]. It has been observed that ZnO-NPs 
elucidate their toxicity by release of ions which alter Zn 
homeostasis [17, 18]. �is is particularly important in 
hepatocytes as Zn is an essential trace element required for 
normal cell growth and function, and Zn dePciency/altered 
metabolism is observed in many types of liver diseases [19, 
20]. CuO-NPs are extensively applied due to their potential 
applications as gas sensors, catalysts, and superconductors 
[21]. Cu ions are essential and function as cofactor of many 
enzymatic reactions and would be cycling between the two 
redox states. �is process can be the source of reactive oxygen 
species (ROS) [22]. Indeed as hepatocytes are responsible for 
the Cu ions balance of the body, they are a major target of 
exposure and line of defense in the case of exposure to CuO-
NP. Previous studies have shown that toxicity of CuO-NPs as 
well as their interference with the Cu ion homeostasis in 
hepatocytes [23, 24]. Exposure to CuO-NPs has been shown 
to a9ect the fatty acid composition Tetrahymena thermophila 
[25]. Toxicity associated with CuO-NPs has been connected 
with release of Cu ions as well as with oxidative stress. Ag-
NPs have been widely used in personal products, food ser-
vice, medical instruments, and textiles because of their anti-
bacterial e9ects [26, 27]. Internalized Ag-NPs can release ions 
which may lead to cellular metabolism and mitochondrial 
dysfunction, inducing directly and indirectly ROS generation 
[2, 28]. Previous studies have also shown the toxicity of Ag-
NPs in hepatocytes by a9ecting homeostasis and reducing 
albumin release [5] or by stimulating glycogenolysis [29]. 

Numerous studies have demonstrated that the NPs 
interaction with serum proteins and cell membranes 
receptors is determined by the NPs design, a9ecting cellular 
uptake, gene and protein expression, and toxicity [30]. It has 
been reported the interaction of NPs with proteins, 
lipoproteins and plasma membrane might compromise its 
[uidity and integrity and/or facilitate the entry of the NPs 
[31]. However most of the studies showing NPs uptake have 
been mainly conducted on immortalized cell lines, whereas 
little is known those e9ects on primary cells [30]. Primary 
hepatocytes cultures represent a powerful in vitro system, as 
these cells are directly isolated from the animal keeping the 
parental speciPc properties of the liver (in vivo) from which 
they are derived unaltered. �e aim of this study is to provide 
a functional understanding of the impact of the studied NPs 
in primary hepatocytes. �e strategy is to apply a combined 
OMICs approach, lipidomics and proteomics that could 
integrated the functional role of lipids in the cellular 
response. �erefore, the di9erentially expressed proteins 
identiPed in combination with the changes in the lipid 
composition of the membranes may contribute to 
understanding the possible e9ects and exposure risks of the 
selected NPs. �e Peld of nanotoxicology is aiming to Pll gaps 
on the NP impact and system biology strategies could lead to 
evaluate possible outcome adverse pathways for human, 
animals and the environment. 

2. Material and Methods 

NPs characterization 

�e following NPs were used in this study: titanium (IV) 
oxide, 14027, dry nanopowder, rutile, average particle size: 1-
3 nm (Plasmachem GmbH, Münster, Germany), ZnO nano 
powder, 544906, average size <100 nm, Copper (II) oxide 
nano powder, 544868, average size <50 nm, Ag-NPs aqueous 
colloidal solution, 0.1 mg/mL, and average particle size: 10 
nm were purchased by Sigma (St. Louis, MO, USA). All NPs 
stock suspensions were prepared by suspending NPs in 
hepatocytes culture medium. �e suspensions were prepared 
freshly, sonicated in a water bath sonicator for 30 min and 
vortexed vigorously before each assessment. �e average hy-
drodynamic size by DLS measurement and the zeta potential 
were determined using a Malvern Zetasizer Nano series 
V5.03 (PSS0012-16 Malvern Instruments, Worcestershire. 
UK) and the analysis program DTS (dispersion technology 
soQware, Malvern Instruments). Two concentrations of NPs 
were used in order to assess their size and zeta potential: 5 
and 500 ppm that correspond to the exposure and the stock 
suspension concentration, respectively. �e measurements 
were conducted in clear disposable capillary cells (DTS1060). 

Cell-free dichloro�uorescein (DCFH) assay 

�e study of the oxidative potential of NPs was measured 
by a cell free method described by Foucaud et al. [32] and 
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modiPed for this study. Brie[y, 2΄,7΄ dichloro[uoroscein 
diacetate (DCFH-DA, Molecular Probes D-399) at 2.2 mM 
was hydrolyzed to DCFH at pH 7.0 with 0.01 N NaOH. �e 
solution was put in the dark for 30 min at room temperature 
and the chemical reactions was stopped by adding ice cold 0.1 
M PBS. �en, horse radish peroxidase (HRP, Sigma P8125) at 
20U/ml was added to each sample. To facilitate the compari-
son between a cellular and cell free system, the solutions were 
incubated at 37oC in the dark. �e [uorescence generated by 
the DCFH oxidation was measured using a microplate reader 
at 485 nm excitation and 530 nm emission aQer 120 min. 
Freshly diluted hydrogen peroxide (10µM) was used as a pos-
itive control. �e data were recorded as arbitrary [uorescence 
units. Two technical and three biological replicates were per-
formed. 

Isolation and exposure of primary mice hepatocytes to NPs 

Hepatocytes were isolated from C57/6J mice by a colla-
genase (Roche Diagnostics, Barcelona, Spain) perfusion tech-
nique, as described previously [33]. Cells were seeded on 
Pbronectin-coated dishes (3.5 μg/cm2) (2.5 x 106 viable cells 
per plate) and cultured at 37 ºC and 5% CO2 as described by 
Palacios et al. [34]. �e culture medium was Ham's F-12/
Leibovitz L-15 (1/1, v/v) supplemented with 2% newborn calf 
serum, 2 mM L-glutamine, 5 mM glucose, 5 U/mL penicillin, 
5 mg/mL streptomycin, 50 mg/L gentamycin, 0.2% fatty acid-
free bovine serum albumin (BSA), and 10 nM insulin. AQer 1 
h of adhesion, the medium was changed and the hepatocytes 
were exposed to di9erent types of NPs for 48 h, frozen in 
liquid nitrogen and stored at -80 °C. In this study, primary 
cultures of mouse hepatocytes were treated with the previ-
ously described metal and metal oxide NPs (TiO2, ZnO, CuO, 
and Ag-NPs) at 1 and 5 ppm concentrations for 48 h. �e 
choice of the concentrations was based on a previous in vitro 
study of catPsh primary hepatocytes and human cells exposed 
to metal oxide NPs with some modiPcations [35]. All the 
experiments were conducted in compliance with institutional 
guidelines, and the analyses were performed on at least four 
biological replicates for each treatment (control included) 
unless speciPed otherwise. Animal procedures were approved 
by the University of the Basque Country and Animal Care 
and Use Committees. 

Cell viability assay  

�e cytotoxicity of NPs was determined using standard 
MTT assay described previously with slightly modiPcations 
[36]. Brie[y, primary mouse hepatocyte cells were plated in 
two 96-well culture plates in 200 μl of culture medium at a 
density of 1 x 105 cells/ml. AQer incubation for 24 h, NPs at 
concentrations of 1 and 5 ppm were added to respective cells. 
�e cells were then cultivated for an additional 48 h with NPs 
containing medium changed every day. On the third day, 20 
μl of tetrazolium dye MTT solution (5 mg/ml) was added to 
each well and was further incubated for 4 h. �e supernatants 

were then removed and 200 μl of dimethyl sulfoxide (DMSO) 
was added to dissolve the formazan crystal at 37 °C. �e 
absorbance was measured with a VICTOR3™ multi-labeled 
microplate reader (Perkinelmer Inc., Waltham, MA USA) at 
560 nm. �e assay was performed twice with three replicates 
for each sample in each assay. 

Preparation of protein extracts  

Hepatocytes media was carefully discarded and cells pellets 
(~ 1.5 x 106 cells per sample) were re-suspended in cell 
washing bu9er solution (10mM Tris-base pH 8, 5mM of 
magnesium acetate) centrifuged at 12,000 g at 4°C for 4 min 
for three times according to the manufacturer’s instructions 
(GE Healthcare). Later, hepatocytes were re-suspended in 
lysis bu9er (2% ASB14, 8M urea, 5mM magnesium acetate, 
20mM Tris-base pH 8.5)[37], leQ on ice for 10 min, and 
sonicated intermittently on ice until cells were lysed. Cell 
debris was removed by centrifugation at 12,000 g at 4oC for 
10 min while the supernatant was transferred in new tubes 
followed by 20% of trichloroacetic acid (TCA) in cold acetone 
at -20°C overnight. 

�e protein precipitates were collected by centrifugation at 
12,000 g for 5 min, and then the proteins were solubilized 
again in lysis bu9er. Cycles of intermittent sonication 
followed by centrifugation at 10,000 g for 10 min were 
performed until all proteins were solubilized in the bu9er and 
no evidence of precipitate was observed. All these steps were 
carried at 4 °C. Before DIGE labeling, protein concentrations 
were measured according to Bradford method [38].Bovine 
serum albumin was used as standard. 

Cy-Dye labeling and separation of proteins by 2DE 

Protein CyDye labeling and DIGE analysis were performed 
according to the manufacturer’s instructions (GE Healthca-
re). Samples containing 25µg of solubilized proteins were 
labeled by 200 pmol of reconstitute CyDye. �e quenched 
Cy3- and Cy5-labeled samples for each experimental sample 
were then combined with the quenched Cy2-labeled pool 
internal standard. �ese samples were then quenched by the 
addition of 1 μl 10 mM lysine followed by incubation on ice 
for 10 min. �e total proteins (75μg) were mixed and denatu-
red in sample bu9er (7M urea, 2M thiourea, 2% ASB 14, 2% 
DTT, 2% IPG bu9er (pH 3-10)), and then rehydrated with 
rehydration bu9er (7M urea, 2M thiourea, 2% ASB 14, 0.2% 
DTT, 1% IPG bu9er (pH 3-10)) and trace amounts of bro-
mophenol blue. A Pnal volume of 200 µl of sample was then 
distributed evenly along IPG strip pH 3−10NL, 11 cm, cove-
red by mineral oil and passively rehydrated for at least 12 h in 
dark conditions. Isoelectric focusing was performed on a Pro-
tean IEF Cell (Bio-Rad) at 20oC using wet wicks inserted 
between the IPG strips and the electrodes. �e Prst dimensi-
on was carried using the following program as recommended 
by the manufacturer’s instructions (Bio-Rad): rapid voltage 
slope at all the steps; step 1, 250 V for 15 min; step 2, 8000 V 
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for 2.5 h, and step 3 at 8000 V until 35000 Vh was reached. 
AQer focusing the strips were equilibrated for 15 min in equi-
libration bu9er (6 M urea, 0.375 M Tris, pH 8.8, 2% SDS, 
20% glycerol) containing 2% DTT and then for 15 min in 
equilibration bu9er containing 2.5% iodoacetamide. �e se-
cond dimension was carried out on homogeneous 12.5% T 
Criterion precast gels (Bio-Rad, Hercules, CA) at 120 V for 
2h using a Criterion Cell (Bio-Rad). DIGE gels were Pxed in 
10% methanol and 7.5% acetic acid for 1h in the dark and 
washed with bi-distilled water for 15 min before image acqui-
sition. AQer image acquisition the gels were stained by colloi-
dal Coomassie blue staining for subsequent spot picking and 
protein identiPcation. 

Image acquisition and analysis 

DIGE gels were scanned using FLA-5100 Fluorescence 
Image Analyzer (Fuji Medical, Stamford, CT) according to 
manufacturer’s recommendation. DIGE images (16 bit TIFF, 
600 PMT) were analyzed by REDFIN soQware (Ludesi, Mal-
mö, Sweden, http://www.ludesi.com) for spot detection, spot 
quantiPcation and normalization, spot matching and statisti-
cal analysis. �e comparison of test spot volumes (Cy3 or Cy5 
labelled) with the corresponding internal standard spot volu-
me (Cy2 labeled) gave normalization for each matched spot. 
�is allows a satisfactory quantiPcation and comparison of 
di9erent gels. Di9erential expression of proteins was dePned 
on the basis of ≥1.5-fold change between group averages and 
one-way ANOVA p≤ 0.05. 

Protein identi)cation by mass spectrometry 

Mass spectrometry analysis for protein identiPcation was 
performed on nano-LC-MS/MS (Bruker Daltonics, Bremen, 
Germany) aQer protein spot excision and trypsin in-gel di-
gestion. Brie[y, di9erentially expressed spots excised proteins 
were treated with 25mM of NH4HCO3 in 50% of acetonitrile 
(ACN) until complete de-staining, dried with 99.5% ACN, 
and digested with sequencing grade modiPed trypsin in 
25mM NH4HCO3 for 16 hours at 37°C. �e peptides were 
extracted twice with 5% formic acid (FA) in 50% ACN and 
dried in Speed Vac concentrator (THERMO SAVANT, Hol-
brook, NY, USA). �e fractions were desalted using C18 Zip-
Tip (Millipore) following the manufacturer’s instructions and 
the nano-electrospray capillaries were loaded with 6 μl of 
peptide solutions in 50% ACN in water with 0.1% FA. A 20 
mm × 100 µm pre column followed by a 100 mm × 75 µm 
analytical column both packed with reverse-phase C18 were 
used for separation at a [ow rate of 300 nl/min. �e gradient 
bu9ers used were 0.1% formic acid in water (A) and 0.1% 
formic acid in 100% acetonitrile (B). Separation was perfor-
med with a linear gradient for 60 min (100-0% sol. A in 60 
min, 0-100% sol. B in 60 min). Automated online tandem MS 
analyses were performed when peptide ions were sequenced 
using two alternating fragmentation techniques: collision 
induced dissociation (CID) and electron transfer dissociation 

(ETD). �e data obtained were analyzed by Bruker Daltonics 
DataAnalysis 3.4 and the resulting MGF Ples where used to 
search for protein in Swissprot (Mus musculus) using Mascot 
Server (2.3) (www.matrixscience.com). �e search parame-
ters allowed mass error up to 0.8 Da for MS data and up to 
two missed trypsin cleavage. Peptide modiPcations searched 
for included carbamidomethyl (Cys) as the only Pxed modiP-
cation, and up to two variable modiPcations from among the 
following: oxidation (Met), acetyl (N-term), pyroglutamate 
(Gln) and Met-loss (N-term). SigniPcance threshold in the 
MASCOT searches was set as p<0.01. Peptides were conside-
red reliable if the MS/MS spectra had a MASCOT score above 
35 and an expect value below 0.01.  

Molecular weight and pI of the identiPed proteins were 
calculated with the Expasy compute pI/Mw tool (http:// 
www.expasy.ch/tools/pi_tool.html). 

Extraction, separation and quanti)cation of lipids 

AQer quantiPcation of the amount of cellular protein by the 
bicinchoninic acid method following manufacturer (PIERCE) 
instructions, lipids were extracted from 2 mg of cellular pro-
tein following the method of Folch et al. [39]. Brie[y, eight 
volumes of chloroform/methanol/water (2:1:0.0075, v:v:v) 
were added and the methanol phase was re-extracted with 
four volumes of the same mixture. �e chloroform phases 
were aspirated, combined, and washed with 1.5 ml of 0.88% 
KCl. Di9erent species of lipids were separated using a thin-
layer chromatography system composed of six sequential 
mobile phases as described by Ruiz and Ochoa [40]. Standard 
curves for all lipid classes were run in each plate. �e lipid 
spots were quantiPed as detailed previously [41] using 
Quantity One soQware (Bio-Rad). Analysis was carried out at 
least twice per extract.  

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 
version 5.02 (GraphPad SoQware, San Diego, CA). Paired 
comparisons were made using Student's t-test while the 
comparison of multiple treatments to a common control was 
performed using one-way analysis of variance (ANOVA) 
with Dunnett's test, and p < 0.05 was considered signiPcant. 

3. Results 

NPs characterization  

�e results of NPs characterization in powder form and 
dispersed in the cell media are represented in Table 1. Infor-
mation about the properties of the NPs in powder form was 
obtained from the manufacturer. NPs in the hepatocyte cul-
ture media showed agglomeration and/or aggregation. �e 
NPs hydrodynamic size was characterized using Dynamic 
light scattering (DLS) which showed, in general, a bimodal 
distributions at concentrations 5 and 500 ppm. �e hydrody-
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namic size of CuO-NPs could not be obtained at 5 ppm due 
to high noise to signal ratio. Generally, a stable suspension 
has a zeta potential value higher or lower than +/-30 mV 
(Malvern) and therefore none of the NPs were in stable sus-
pension. 

NPs oxidative ability and impact in cell viability 

�e oxidative ability of the metal and metal oxide NPs was 
investigated by cell-free dichloro[uorescein (DCFH) assay 
using 5 and 1 ppm aQer 2 h exposure (Figure 1A). Our results 
evidenced that only ZnO-NPs and CuO-NPs at 5 ppm had 
signiPcant oxidative activity (p<0.01) while Ag-NPs and TiO2

-USNPs at 5 ppm showed a signiPcantly low [uorescent in-
tensity (p<0.01), remarking their negligible oxidizing activity. 
�e cell viability has been assessed by MTT assay aQer NPs 
exposure for 48 h. Hepatocytes exposed to low and high con-
centration of TiO2-USNPs, and ZnO-NPs, and to low concen-
tration of CuO- and Ag-NPs did not show e9ects in the cell 
viability. However, the viability of the hepatocytes exposed to 
high concentration of CuO-NPs and Ag-NPs signiPcantly 
decreased by 50% compared to non-treated cells (Figure 1B).  

Proteomic analysis of impact of NPs exposure 

Two dimensional DIGE (2D-DIGE) images of the protein 
extracts from hepatocytes (NPs treated and untreated) were 
imported to REDFIN soQware that detected 998 spots per gel 
(Supplementary Figure S1) evenly distributed along the 
whole range of pH (3-10) but more abundant between 24-150 
kDa. Comparisons between several groups control versus all 
treated or each treatment were taking in consideration for the 
statistical analysis of the data. �e comparison control versus 
all NPs treatments revealed a total of84 spots di9erentially 
expressed (p<0.05, fold change ratio≥1.5) (Figure 2A). In 
particular exposure to CuO-NPs and Ag-NPs at 5 ppm 
showed the largest number of modiPed proteins. ZnO-NPs 
exposure showed similar number of di9erentially expressed 

proteins at both concentrations, underlining a concentration-
independent response. �e TiO2-USNPs exposures caused 
the least modiPed protein proPles (Figure 2B). We found the 
highest number of unique spots at the high concentration 
exposure for all NPs. However, the concentration-dependent 
response varied among the NPs studied. �e CuO-NPs and 
Ag-NPs exposures duplicated and triplicated respectively, the 
number of di9erentially expressed spots from low to high 
concentration whereas a very low increase of concentration–
dependent response was observed at TiO2-USNPs and ZnO-
NPs exposures. �e impact at the protein level of the NP ex-
posures was characterized by down-regulation. In hepato-
cytes exposed to Ag-NPs, most of the di9erentially expressed 
proteins were down-regulated underlining the strongest 
e9ects on the proteome. �e changes in protein expression 
proPle (p<0.05, fold change ratio ≥2) caused by exposure to 
the studied type and concentration of NPs were summarized 
in the supplementary material (Supplementary Figure S1 and 
S2). 

Identi)cation of di,erentially expressed proteins  

Considering the analytical method applied, 2D-DIGE, and 
the results showing a general response based on down-
regulation, many di9erentially expressed spots were under 
the expression level required for identiPcation. For those 
spots, additional trials were performed aQer pooling the same 
spot from all the DIGE gels but unfortunately some excised 
and selected spots analyzed by mass spectrometry remained 
still unidentiPed. �e identiPed proteins were selected among 
the proteins di9erentially expressed (p<0.05 and with fold 
change ≥1.5) and in common with at least two NPs exposures 
included the comparison control versus all NPs treatments 
(Figure 3, Table 2). Most of the identiPed proteins were com-
mon among all the exposures but some NPs had speciPc 
e9ect on the expression of unique proteins. �e protein 
(ID25) carbamoyl-phosphatase synthase (CSP1) was the most 
commonly di9erentially expressed protein being up-

      
Powder Suspension 

NPs 
Purity 
(%) 

Crystal 
structure 

Size 
(nm) 

SpeciPc surface area 
(M2/g) 

Concentration 
ppm 

Size 
(nm) 

Z-potential 
(mV) 

TiO2 99+ Rutile 1-3 470 
5 
500 

6.6e4 
1034e5 

-0.5±0.1 
-0.9±0.6 

ZnO 79.8 
Hexagonal 
Wurtzite 

<100 15-25 
5 
500 

440.7±110.7 
747.4±3.9 

-4.6±1.0 
-8.2±0.4 

CuO 77.3 
Monoclinic 
Crystals 

<50 29 
5 
500 

- 
939.6±10.6 

4.0±5.6 
-7.4±2.7 

Ag 99+ Spheres 10 60 
5 
500 

85.4±5.6 
 

-8.5±2.5 
 

Table 1. Characterization of Nanoparticles (NPs). NPs properties in powder form and dispersed in hepatocytes media. Ag-NPs: Zeta-
potential values are not showed (-) due to several aggregations. SEM images of the largest NPs (i.e. CuO- and ZnO-NPs). Information about 
NPs properties from the powder (or liquid form for Ag-NPs) was provided from the manufacturing companies.  
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regulated in CuO-NPs (5 ppm), ZnO-NPs (5 and 1 ppm) and 
Ag NP (5 ppm). TiO2-USNPs caused the up-regulation ATP-
Synthase and ETF protein subunit alpha while CuO-NPs (1 
ppm) caused the down-regulation of ETF protein subunit 
beta as well as Tubulin beta-6 chain (ID497) at both concen-
trations. ZnO-NPs caused the down-regulation of RNA hel-
icase (Figure 3). Approximately 50% of the identiPed pro-
teins are localized in the speciPc organelles such as mito-
chondria (including matrix and membrane) while the re-
maining proteins belong to cytoplasm and also with the ex-
ception of alpha-enolase (ID49 and ID102) and guanine nu-
cleotide-binding protein (G-Protein) subunit beta-2-like 1 
(ID 572) which can also be from cell membranes. �e only 
nuclear protein identiPed was heterogeneous nuclear ribo-
nucleo-protein F (HNRPF) (ID222) (Table 2). �e only pro-

tein with unclear subcellular localization was helicase eIF4A 
(ID 273) which can be both in the nucleus and in the cyto-
plasm.  

Post-translational modi)cations 

�e main post-translational modiPcation found in numer-
ous proteins was the oxidation of methionine residues which 
causes small change of pI from the theoretical value (Table 2). 
It is signiPcantly in the mitochondrial ATP synthase subunit 
alpha (ID209), (ATPA) that showed a big di9erence in pI 
from the theoretical value (Table 2). However the sequence 
found by mass spectrometry (the pI value was 6.1), which is 
close to that observed by 2DE, would match with the main 
chain of this protein without transit peptide. 

Figure 1. A) Oxidative potential assay. Fluorescence intensity [arbitrary units (a.u.)] of the NPs aQer incubation with DCFH for 2 h at 
37oC. Values are the mean ± SEM from three experiments. For each treatment, two concentrations were used 1 and 5 *** p < 0.001. B) MTT 
assay for estimation of cell viability, expressed as absorbance at 560 nm. *p< 0.01 and *p<0.001. 
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Lipidomics 

Details on the lipid composition of hepatocytes from con-
trol and exposed to NPs at 5 ppm are represented in Figure 4. 
Interestingly, a signiPcant decrease in the percentage of 
sphingomyelin (SM) was found in the cells exposed to Ag-
NPs (p<0.001) but also exposed to TiO2-USNPs (p<0.05) 
(Figure 4A). CuO-NPS exposure caused a decrease in the 
percentage of PI and PE (Figure 4A) which made the PC/PE 
ratio decreased (Figure 4B), a predictor of altered membrane 
[uidity. In the cells exposed to Ag-NPs changes in the total 
lipid quantities were observed with a signiPcant increase of 
triacylglycerol (TG) cell content (Figure 4C). 

4. Discussion 

�e application of quantitative proteomics in combination 
with lipidomics can be a useful method to illustrate the 
e9ects of NPs in cell lines. In this study the e9ects of expo-
sure to TiO2-USNPs, ZnO-NPs, CuO-NPs and Ag-NPs for 
48 h were studied on primary mouse hepatocytes. AQer char-
acterization of the physicochemical properties of the NPs, 
their cytotoxicity was assessed followed by quantitative pro-
teomic and lipidomic analysis. Based on the cellular and mo-
lecular e9ects on the primary mouse hepatocytes, the overall 
ranking of the impact of the NPs exposures is as follows: 
TiO2<ZnO<Ag<CuO.  

Cytotoxicity of NPs  

TiO2-USNPs (1-3 nm) used in this study were not cytotoxic 
(Figure 1B) at 1 or 5 ppm. �ey did not produce signiPcant 
ROS (Figure 1A) and the insoluble nature of TiO2-NPs has 
been shown in previous studies [42]. �us e9ects observed 
upon exposure to TiO2-USNPs can be solely due to their size 
and direct interactions with cellular components. ZnO-NPs 
exposures did not a9ect to the cellular viability, although high 
concentration exposures could cause cytotoxicity in in vitro 
[15, 43]. However, despite lack of toxicity, these NPs 
produced signiPcant ROS (Figure 1A) and based on a 
previous study conducted by this group, ZnO-NPs and CuO-
NPs had the highest capacity of ions leakage [4]. Previous 
studies have illustrated the importance of Zn ions in 
progression of alcoholic liver disease and hepatic lipid 
homeostasis where it was shown that Zn supplementation 
reverses alcoholic steatosis by inhibiting oxidative stress [19]. 
�erefore the impact of ZnO-NPs exposure on the proteome 
could be related to the disruption of Zn homeostasis and in 
combination with the increase of ROS levels cause 
cytotoxicity. As mentioned, similar to ZnO-NPs, CuO-NPs 
produced ROS (Pgure 1A) and leaked ions. However the 
exposure to CuO-NPs caused the most severe e9ects at the 
cellular and molecular level with signiPcant reduction of cell 
viability. �e severe toxicity of CuO-NPs has been shown 
previously [23, 24]. Since the amount of ROS produced alone 

Figure 2. A) Di9erentially expressed proteins comparing control (untreated hepatocytes) versus each NPs exposure and B) Venn diagram 
representing di9erentially proteins among the exposures. �e protein expression modiPcation was considered signiPcant for p<0.05 and fold 
change ratio≥1.5.  
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Spot 
no 

Acession no  ID protein  
�eor./
Obs. pI 

�eor. 
Mr (Da) 

Obs. Mr 
(Da) 

Mascot 
score 

SC 
(%) 

Peptide sequence 
(if only one peptide) 

Functional  
pathway 

Subcellular 
 location 

25 gi|124248512 
Carbamoyl-phosphate 
synthase 

6.48/~6 165711 ~150000 2125 48  Urea cycle Mitochondrion 

26 gi|183396771 
60 kDa heat shock 
protein 

5.91/~4.8 61088 
52000-
76000 

1677 57  Chaperone 
Mitochondrion 
matrix 

34 gi|1352250 
Aldehyde dehydroge-
nase 

7.53/~6.2 57015 
38000-
52000 

309 13  
Alcohol metabo-
lism, Aldehydes 
oxidation 

Mitochondrion 
matrix 

49 
102 

gi|13637776 Alpha-enolase 6.37/~5.8 47453 
38000-
52000 

943 
267 

67 
32 

 
Carbohydrate 
degradation, 
glycolysis 

Cytoplasm; Cell 
membrane 

91 gi|61252474 
Hydroxy-
methylglutaryl-CoA 
synthase 

8.65/~7 57300 
38000-
52000 

310 31  Lipid synthesis Mitochondrion 

209 gi|416677 
ATP synthase subunit 
alpha 

9.22/~5.8 59830 
38000-
52000 

176 12  
ATP synthesis, 
Transport 

Mitochondrion 

222 gi|81918016 
Heterogeneous nuclear 
ribonucleo-protein F 

5.31/~5.2 46043 ~38000 116 9 
K.ITGEAFVQFA
QFASQELAEK.A 

Nucleotide bin-
ding, single-
stranded RNA 
binding 

Nucleus 

225 gi|341941780 
Cytochrome b-c1 com-
plex subunit 1 

5.81/~4.8 53446 
31000-
38000 

115 26  
Mitochondrial 
electron transport 

Mitochondrion 
inner membrane 

227 gi|342187137 
Mitochondrial 3-
oxoacyl-CoA thiolase 

8.33/~9 42260 
31000-
38000 

1355 74  Lipid metabolism Mitochondrion 

230 gi|55977481 Tubulin beta-4B chain 4.79/~4.2 50255 
38000-
52000 

2337 64  
Structural mole-
cule activity 

Cystoplasm, 
cytoskeleton 

249 gi|92090596 
Electron transfer [a-
voprotein subunit beta 

8.24/~8.2 27834 
17000-
24000 

480 45  
Electron carrier 
activity 

Mitochondrion 
matrix 

273 gi|46397464 
ATP-dependent RNA 
helicase elF4A-1 

5.32/~5.8 46353 ~31000 64 4 
K.TATFAISILQQ
IELDLK.A 

Helicase 
Cystoplasm, 
cytoskeleton 

342 gi|146345417 
Electron transfer [a-
voprotein subunit 
alpha 

8.62/~7 35330 
17000-
24000 

2282 66  
Electron carrier 
activity 

Mitochondrion 
matrix 

497 gi|66775966 Tubulin beta-6 chain) 4.79/~4.2 50255 
52000-
76000 

45 12 
K.GHYTEGAELV
DSVLDVVR.K 

Structural mole-
cule activity 

Cystoplasm, 
cytoskeleton 

572 gi|54037181 
Guanine nucleotide-
binding protein subunit 
beta-2-like 1 

7.60/~5.8 35511 
12000-
17000 

68 24  
Developmental 
protein 

Cell membrane, 
cell projection 
cytoplasm, cytos-
keleton, nucleus 

Table 2. List of identiPed proteins by nano-LC-MS/MS aQer selection from the di9erentially expressed proteins (p<0.05 and with fold change 
≥1.5) and in common with at least two NPs exposures included the comparison control versus all NPs treatments.  
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could not be the unique cytotoxic input (as shown for ZnO-
NPs), it is likely that the released ions had actively 
contributed to the cytotoxicity. �e importance of the 
intracellular solubility of NPs has arisen from understanding 
the Trojan horse-type mechanism of intracellular dissolution 
and its impact on the release of ions inside the cells leading to 
toxicity [44]. It has recently been reported that the 
intracellular solubility of CuO-NPs has the most critical role 
on the cytotoxicity [45]. Another type of NPs with great 
impact on the hepatocytes viability was Ag-NPs. �ese NPs 
however did not produce ROS. Previous studies have shown 

the uptake of the Ag-NPs despite di9erent pattern of 
agglomeration as well as release of ions, both contributing to 
toxicity [46, 47]. 

Global impact of the NPs exposure to hepatocytes 

�e cellular impact of the NPs exposure was globally 
studied by combining proteomics and lipidomics. �e 
di9erentially expressed proteins identiPed were involved in 
lipid metabolism, electron transport chain, structure of the 
cell, signaling, metabolism as well as nuclear proteins.  

Figure 3. A) Representative 2D-DIGE with identiPed proteins and correspondent ID spot number. B) �e protein expressions of the identi-
Ped ID spots are illustrated as mean ± SEM based on fold change ratio value for the di9erentially expressed proteins and classiPed according to 
biological functions. 
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Impact on lipids and fatty acid metabolism 

One of the common cellular responses observed was varia-
tion of the cellular lipids (i.e. CuO-NPs, Ag-NPs and TiO2-
USNPs) and di9erential expression of proteins involved in 
fatty acid and lipid metabolism was also observed. �e lip-
idomic results showed a signiPcant decrease of percentage of 
SM in the hepatocytes exposed to TiO2-USNPs at 5 ppm, 
although the PC/PE and CL/PL values indicated that the 
membrane [uidity was not a9ected (Figure 4). Lipid raQs, 
dePned as cholesterol- and sphingolipid-enriched membrane 
micro-domains, might be altered by TiO2-USNPs exposure in 
plasma membrane, triggering ROS release by enzymes local-
ized in the membrane raQs. �ese ROS stimulate ceramide-
releasing enzymes (e.g. acid sphingomyelinase) which are 

responsible for converting SM into phosphorylcholine and 
ceramide, increase the ceramide-enriched membrane plat-
forms [48, 49]. It has been reported that carbon-based NPs 
treatment in lung epithelial cells led to an increase of 
ceramides in lipid raQs [50]. �is feed-forward mechanism 
can justify the decrease of SM in the TiO2-NPs exposure. �e 
exposure to CuO-NPs caused signiPcant increase of the ratio 
PC/PE and a decrease percentage of some PE and PI as well 
as increase in concentration of TG. �e e9ect of Cu on the 
cellular lipid droplets has been shown previously [4]. Damage 
of the cellular plasma membrane has been shown to be one of 
the primary events in heavy metal (Cu and Zn) toxicity in 
plants [51, 52]. Previous studies have shown heavy metal 
stress increased PE, decreased PI, and PG [53], although the 
decrease in PE values observed in our study has also been 

Figure 4. Distribution of total lipid content in control and exposures to NPs. A) Pie charts from percentages of lipid species; B) Ratio 
phosphatidylcholine/phosphatidylethanolamine and cholesterol/ phospholipid; C) Total lipid and total triacylglycerol in nmol/ mg protein 
TG, triacylglycerol; CL, cholesterol, CE, cholesteryl ester; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, 
phosphatidylinositol; SM, sphingomyelin. Total lipid value corresponds to the summation of all measured lipid species, which are expressed as 
the percentage of the summation. Total phospholipid (PL) value corresponds to the summation of PC, PE, SM, PS and PI and total CL to the 
summation of FC and CE. Data are expressed as the mean ± SEM and correspond to the results obtained using 5 ppm concentration of NPs in 
the culture medium. Control vs. treated: *P ≤ 0.05, ***P ≤ 0.001. 
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shown in other studies [54]. Cu dePciency has been shown to 
increase in vivo hepatic synthesis of fatty acids, TG, and PL in 
rats [55]. �erefore the decrease of this lipid class could be 
correlated to Cu overload. Cells exposed to Ag-NPs had 
decrease in SM but increase in the number of TG and total 
lipids. �e increase in total lipids due to exposure to Ag-NPs 
has been observed previously [56]. Proteomic data in this 
study showed that mitochondrial HMG-CoA synthase was 
down-regulated in the cells exposed to TiO2-USNPs at 1 ppm 
and to CuO-NPs at 5 ppm. �is enzyme has a key function in 
regulating the ketogenesis, pathway involved in the biosyn-
thesis of ketones bodies, metabolic fuel during starvation 
[57]. Another mitochondrial protein involved in lipid and 
fatty acid metabolism, 3-oxoacyl-coA thiolase was up-
regulated in CuO-NPs, and particularly, in Ag-NPs 
treatment. �is enzyme catalyzes the last step in 
mitochondrial and peroxisomal β-oxidation [58]. �e 
increase the total lipids and TAG observed in cells exposed to 
Ag-NPs could have led to an increase in 3-oxoacyl-coA 
thiolase involved in beta oxidation and lipid metabolism. 

Impact on proteins involved in electron transport chain 

�e di9erential expression of protein involved in the 
electron transport chain could re[ect the increase in cellular 
energy demand upon exposure to NPs. CuO-NPs at both 
concentrations, TiO2-USNPs (1 ppm) and ZnO-NPs (5ppm) 
a9ected these proteins. However proteins involved in this 
pathway were mostly a9ecting to one type of NPs exposure. 
�e up-regulation of ATP synthase was only found in the 
hepatocytes exposed to TiO2-USNPs. �is protein is one of 
the most abundant proteins in the inner mitochondrial 
membrane which is involved in H+ transport at the 
mitochondrial membrane and provides ATP [59, 60]. 
Another protein uniquely a9ected by TiO2-USNP exposure 
was ETF subunit alpha which are heterodimers and function 
as electron shuttles between primary [avoprotein 
dehydrogenases involved in mitochondrial fatty acid and 
amino acid catabolism and the membrane-bound electron 
transfer [avoproteins ubiquinone oxidoreductase [61]. In 
cells exposed to CuO-NPs a remarkable reduction of the 
expression of ETFs subunit beta was detected. An imbalance 
of these “housekeeping” proteins can have serious 
repercussions especially in the oxidation of fatty acids [62]. 
ZnO-NPs and CuO-NPs at 5 ppm evidenced an increase of 
ROS and the up-regulation of the subunit 1 of cytochrome b-
c1 complex or Complex III, protein. Complex III is the major 
ROS production site among all mitochondrial electron 
transport chain complexes, and it is the only complex that 
generates -O2. in the mitochondrial inter-membrane space 
[63, 64]. Xia et al.[65] observed mitochondrial contribution 
to ZnO-NPs-induced ROS production, through the ultra-
structural, and thereby membrane potential changes in this 
organelle. �ey also suggest that the release of Zn ions from 
NPs may exert extra-mitochondrial e9ects contributing to 
ROS generation, including NO production and generation of 

peroxynitrite (ONOO-). We have previously shown the 
signiPcant release of Zn ions from ZnO-NPs [4]. 

Impact on proteins from urea cycle 

CPS1, a mitochondrial enzyme involved in ATP-dependent 
formation of carbamoyl phosphate from glutamine or 
ammonia and bicarbonate in the Prst step of the urea cycle. 
�is protein was over-expressed in the cells exposed to ZnO-
NPs (5 and 1 ppm), Ag-NPs (5 ppm) and CuO-NPs (5 ppm). 
Generally, an increase of CPS1 expression has been observed 
in the case of liver damage or during acute hepatitis, as 
disorders induced by oxidative stress [66] and it is one of the 
main potential toxicity markers found in rat liver cells [67]. 
Previous studies have reported the e9ect of Zn in urea cycle 
and increased of activities of CPS1 in the liver of zinc-
dePcient rats[68]. It is interesting that the possible Zn ions 
released by the NPs in this study have caused the up 
regulation of CPS1.  

Impact on nuclear proteins 

ZnO-NPs were the only NPs that a9ected both RNA 
helicase, and hnRNP. It has been described how ultraPne NPs 
could a9ect the expression of nuclear proteins [69]. We ob-
served that ZnO-NPs exposure speciPcally caused the down-
regulation of the ATP-dependent RNA helicase (elF4) which 
plays important roles in the unwinding and remodeling of 
structured RNA as well as virtually all aspects of nucleic acid 
metabolism, and regulation, possibly enhancing the biosyn-
thesis of altered proteins [70]. Previous study has shown that 
down-regulation in helicase is associated with cell cycle 
perturbations and in apoptosis which in this case might be an 
indication of oxidative stress and early stages of apoptosis 
experienced by the cells [71] .  

Among all identiPed di9erentially expressed proteins, only 
one nuclear protein, the hnRNP F, was a9ected by NPs 
treatment and was down-regulated by treatment with Ag-
NPs and up-regulated by ZnO-NPs, and CuO-NPs treatment. 
�e hnRNP complexes are known to play a role in the 
regulation of the splicing events but they have also been 
shown to function in the regulation of cell proliferation. 
Overexpression of hnRNP F has been shown to promote cell 
proliferation while reverse e9ect was observed upon 
knockdown of hnRNP F [72]. Disruption in this protein 
therefore could lead to genotoxicity as well as disruption in 
cell proliferation. It is possible that the cytotoxicity observed 
in Ag-NPs exposed cells was due to down-regulation of this 
protein. 

Impact on structural proteins 

Another modiPed protein in hepatocytes exposed to ZnO-
NPs or Ag-NPs (at 5 ppm) was ß-tubulin IV (TBB4B) which 
was down-regulated especially for the Ag-NPs treatment. 
�is protein is the main constituent of microtubules, key 
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components of the cytoskeleton of eukaryotic cells and has an 
important role in various cellular functions such as 
intracellular migration and transport, cell shape 
maintenance, polarity, and cell signaling. Previous in vitro 
studies showed that metal and metal oxide NPs can directly 
bind functional groups of microtubules [73, 74]. In 
particular, Ag-NPs interacting with tubulin in 
correspondence of -SH residue may be responsible of 
ine9ective mitotic spindle function [75][76]. Tubulin is the 
Prst non-receptor protein found to be phosphorylated by G-
protein receptor kinases [77]. Interestingly both ZnO-NPs 
(5ppm) and Ag-NPs (1 ppm) induced an increase of G-
protein expression involved in many cellular signaling 
pathways, including the ubiquitination and proteasome-
mediated degradation [70]. �e isotype of ß-tubulin (TBB6) 
was signiPcantly up-regulated in hepatocytes exposed to CuO
-NPs at 5 and 1 ppm which can contribute to an adaptation 
to oxidative stress conditions and drug resistance [78]. A 
compensatory mechanism from the hepatocytes exposed to 
CuO-NPs might occur to overwhelm the structural damages 
in the cytoskeleton, especially in the case of the highest 
concentration. HSPs function in important intracellular tasks 
such as protein folding and transport acting as chaperones 
under stress to prevent protein denaturation and loss of 
function [79]. HSP60 is a mitochondrial expressed stress 
protein that can be translocated to the cytosol and, later, 
transported to the cell surface. �e HSP60 stress response is 
correlated with apoptosis and exacerbation of the disease 
state [80]. �is protein was over-expressed in the two 
cytotoxic NPs i.e. Ag-NPs and CuO-NPs illustrating the 
apoptotic response of the cells. 

Impact on cellular metabolism  

Mitochondrial ALDH (ID34), and Alpha-enolase (ID49 or 
ID102) were found up-regulated in NPs treatments and can 
be considered as an early cellular defense response to general 
stress conditions. ALDH catalyzes the oxidation of various 
aliphatic and aromatic aldehydes to the corresponding acids 
and is in cellular defenses against toxic aldehydes [81]. Also it 
has been shown that mitochondria-located alpha-enolase 
stabilizes mitochondrial membrane and its’ displacement 
may involve in activation of the intrinsic cell death pathway 
[82].  

5. Concluding Remarks 

Characterization of the NPs, classical toxicity assays and 
quantitative proteomics in combination with lipidomics 
could provide a detailed overview of the e9ects of NPs on 
primary hepatocytes. Most proteins identiPed to be di9eren-
tially expressed were in common for the di9erent NPs expo-
sures and were involved in lipid metabolism, electron 
transport chain, cellular structure, metabolism, signaling as 
well nuclear proteins. CuO-NPs produced ROS, were cyto-
toxic, a9ected the PL and caused the down-regulation of ETF 

protein beta. Ag-NPs did not produce ROS but were cytotox-
ic, a9ected the SM as well as increasing total cellular lipids 
and TG. ZnO-NPs despite producing signiPcant ROS were 
not cytotoxic and did not a9ect the cellular lipids but a9ected 
the RNA helicase. TiO2-USNP did not produce ROS, were 
not cytotoxic yet a9ected the SM and a9ected ATP-synthase 
as well as ETF protein alpha. �is work showed that some of 
our gaps for understanding the NP impact at the cellular level 
could be Plled by combining data from alterations on lip-
idomic proPles with proteomic proPles. �is OMICs meth-
ods or any extension to other OMICs methodologies would 
lead to a system biology understanding of NP impact and 
possible adverse outcome pathway. 

6. Supplementary material  

Supplementary data and information is available at: http://
www.jiomics.com/index.php/jio/rt/suppFiles/184/0 

 
Figure S1 - Representative 2D-DIGE proteins from hepatocytes ex-
posed to NPs. A total of 998 spots were detected by REDFIN soQ-
ware. 
Figure S2 - Proteins up- and down-regulated by NPs along with fold 
change (F.C.). 
Table S1 - Lipidomics. TG, triacylglycerol; CE, cholesteryl ester; FC, 
free cholesterol; PC, phosphatidylcholine; PE, phosphatidylethano-
lamine; PS, phosphatidylserine; PI, phosphatidylinositol; SM, sphin-
gomyelin. Total lipid quantities correspond to the summation of all 
measured lipid species, which are expressed as the percentage of the 
summation. Total phospholipid quantities correspond to the sum-
mation of PC, PE, SM, PS and PI and total cholesterol to the sum-
mation of FC and CE. Data are expressed as the mean ± SEM and 
correspond to the results obtained using 5 ppm concentration of 
NPs in the culture medium. Control vs. treated: *P ≤ 0.05, ***P ≤ 
0.001. 
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1. Introduction 

In-depth physiology and pathophysiology studies pro&t 
from complementing analyses of gene expression and protein 
abundance patterns of various conditions [1]. While 
transcriptomics provides comprehensive information on 
gene expression, proteomics allows direct analysis of protein 

levels accounting for regulation of protein stability and post 
translational modi&cations as well [2]. However, both 
techniques are complementing, suggesting that combined 
analyses o5er a much more comprehensive view of the 
physiology or pathophysiology of the sample at the molecular 
level [3]. For practical reasons, RNA and protein extraction 
from the same sample would be ideal, ensuring the same 
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Background: Ke study of RNA, DNA, and protein from the same sample is a great advantage but can be challenging. Using Trizol, one can simul-
taneously extract RNA, DNA, and protein, leading to eLcient sample use and more comprehensive analysis. Although it is used routinely for 
RNA extraction, the frequency of use of Trizol extracts for proteomics applications is low. Ke aim of our study was to evaluate the results of a 
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physiological state to be reviewed. Trizol (Invitrogen) or 
Qiazol (Qiagen) are commercial solutions of ready-to-use 
reagents containing a monophasic solution of phenol, 
guanidine isothiocyanate and chloroform to isolate nucleic 
acids and protein from di5erent biological sources in a 
multiple-step method from the same biological sample [4,5]. 
Trizol is being used primarily and successfully for RNA 
extraction and analysis because it acts as RNA stabilizing 
agent by non-speci&cally denaturing proteins and disrupting 
enzyme activity, including RNases, thus also yielding low 
abundance and labile mRNAs [6,7]. Trizol reagent is not yet 
routinely used, when protein pro&ling is the main aim of a 
study, mainly due to diLculties with the resolubilization of 
the precipitated protein [8]. Modi&ed Trizol protocols that 
improve the resolubilization of proteins have been developed 
[8–11]. Key have been applied to various protein sources 
for di5erent proteomics applications. However, as they use 
detergents such as CHAPS or SDS, they are compatible with 
2D-PAGE but not with LC-tandem mass spectrometry.  

In the present study we compare a modi&ed Trizol 
protocol with urea/ thiourea protein extraction applied to 
the extraction and solubilization of proteins from a human 
airway epithelial cell line as a proof-of-principle study. We 
demonstrate the eLcacy of the Trizol-protocol for protein 
extraction and the high compatibility of the extracted 
proteins with proteomics methods like 1D- and 2D-PAGE, 
Western Blotting and especially ESI-LC-tandem mass 
spectrometry. 

2. Material and Methods 

2.1. Biological samples 

Ke biological model used was the adeno12-SV40-
immortalized human airway epithelial cell line S9 (ATCC® 
number CRL-2778) cultured in an adapted minimal essential 
medium (MEM; PromoCell, Heidelberg, Germany) as 
described earlier [12]. Cells were cultured in six culture 
plates and independently harvested at a cell density of 
approximately 5x106 cells. All subsequent processing steps 
and experiments were performed independently for each 
sample to be able to judge overall variation of the procedure. 
Kree samples were used for Trizol (Invitrogen, Darmstadt, 
Germany) protein extraction (T1-3), while the other three 
samples (UT1-3) were lysed in urea/ thiourea as described 
earlier [13].  

2.2. Protein extraction and quanti�cation 

2.2.1. UT protein extraction protocol 

Cell culture samples were lysed separately in 1000µl 8M 
urea/ 2M thiourea (UT) by subjecting them to 5 cycles of 
freezing in liquid nitrogen and subsequent shaking (1500 
rpm; 10 min; 37oC). AZerwards, high molecular weight 
nucleic acids were fragmented by sonication on ice three 

times for 3s, each with nine cycles at 80% energy using a 
Sonoplus (Bandelin, Berlin, Germany). Cell debris was 
removed by centrifugation (21000 g; 30 min; 40C) and the 
supernatant was collected for further analyses [13].  

2.2.2. Modi�ed Trizol protocol 

Protein extraction with Trizol reagent (Invitrogen) was 
performed according to the manufacturer’s protocol, with a 
particular modi&cation in the reconstitution of the protein 
pellet, as previously described for protein extraction from 
heart biopsies [14]. In detail as illustrated in Fig. 1, samples 
were homogenized and cells were disrupted by pipetting up 
and down aZer adding 700 µl Trizol in each sample. Next, 
samples were incubated (room temperature; 5 min), 
chloroform was added, the vials were centrifuged (12000 g; 
15 min; 40C) and the resulting upper aqueous phase, 
containing RNA, was aspirated and stored. DNA was 
precipitated by adding 210 µl 100% ethanol and sedimented 
by centrifugation (2000 g; 15 min; 40C). Ke supernatant was 
collected and 100% isopropanol was added for protein 
precipitation. AZer incubation (room temperature; 10 min), 
samples were centrifuged (12000 g; 10 min; 40C) and the 
supernatant was discarded. Ke resulting protein pellets were 
washed three times with 0.3M guanidine hydrochloride in 
95% ethanol, each step being followed by centrifugation 
(7500 g; 5 min; 40C). Finally, protein pellets were washed 
with 100% ethanol and leZ to air dry for 5-10 min, carefully 
avoiding extensive (over-)drying. To ensure maximum 
protein reconstitution, 400 µl UT was added to each sample 
with multiple dispensing/aspirating cycles, followed by 
shaking (800 rpm; 20-40 min; 200C). Samples were stored at 
-800C until further use. 

A Bradford assay kit (Pierce, Kermo Scienti&c, Bonn, 
Germany) and bovine serum albumin as standard protein 
[15] were used for determination of protein concentration in 
the samples.  

2.3. 1D SDS-PAGE and Western Blotting  

Protein samples (20µg) were resolved on 12.5% SDS 
(sodium dodecyl sulphate) polyacrylamide gels and the 
patterns were visualized by staining with Coomassie brilliant 
blue R-250. For speci&c protein detection (Western Blot 
analysis), proteins were transferred from the gel onto a 
0.45µm pore diameter PVDF (polyvinilidene ^uoride) 
membrane using a semidry Milliblot apparatus (Merck 
Millipore, Billerica, MA, USA). To control blotting eLciency 
on the membrane, proteins were visualized using ink in 1% 
acetic acid and TBS-T (Tris-bu5ered saline-Tween 
containing 20mM Tris-HCl, 137 mM NaCl and 0.1% Tween-
20). AZer visualization, ink was removed with TBS-T, the 
membrane was blocked with 5% powdered milk for 90 min 
and incubated with the primary antibody mouse anti-α-
GAPDH (Cell Signaling Technology, Boston, Massachusetts, 
USA; dilution 1:50000) over night at 40C. Detection was 
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performed aZer incubation with alkaline phosphatase 
conjugated goat anti-rabbit IgG (Biorad, Munich, Germany, 
1:5000) as secondary antibody for 60 min using the AP-
NBT/BCIP  in situ detection system.  

2.4. 2D SDS-PAGE 

Isoelectric focusing was performed using 7cm 
immobilized pH gradient (IPG) strips (Bio-Rad) with a pI 
range of 3-10. Strips were loaded with 30 µg proteins in 
rehydration bu5er (8M urea, 2M thiourea, 2% CHAPS, 
30mM DTT, 2% pharmalyte and bromophenol blue) and 
subjected to isoelectric focusing. As described previously 
[16], equilibration bu5ers were used for reduction and 
alkylation of proteins on the strips. Proteins were separated 
in the second dimension as previously described [17] on 
12.5% SDS polyacrylamide gels in low ^uorescent glass 
plates. Finally, Coomassie brilliant blue R-250 staining was 
used for protein spots visualization.  

2.5 Mass spectrometry analysis 

Mass spectrometry analysis was performed on three 
biological replicates for each extraction method (UT and 
Trizol), using the LTQ-FTICR mass spectrometer (Kermo 
Scienti&c, Bremen, Germany) aZer pre-fractionation of 
peptides by reverse phase nano-UPLC (Waters, Manchester, 
U.K.). In total, 4µg protein from each sample was &rst 
reduced (2.5mM dithiothreitol; 1 h; 600C), then alkylated (10 
mM iodoacetamide; 30 min; 370C) and subsequently 
digested with trypsin (Promega, Madison, USA) in a 1:10 
ratio (overnight – 16h; 370C) as previously described [16]. 

Proteins were identi&ed using the SEQUEST algorithm with 
Proteome discoverer 1.3 (Kermo Scienti&c). MS spectra 
were searched against a UniProt Swiss-Prot database (rel. 
2010_11) limited to human entries with a mass tolerance of 
10 ppm for peptide identi&cations and 0.6 Da fragment 
tolerance. Methionine oxidation was set as variable, 
carbamidomethylation at cysteine as &xed modi&cation and 
up to two missed tryptic cleavages were considered (for 
details see Supplemental Table S1).  

3. Results and discussion 

Various modi&cations of the original Trizol protocol have 
been reported (Table 1). Ke majority of them implemented 
detergents in order to improve protein recovery eLciency 
for subsequent global protein pro&ling by 2D-PAGE. 
Predominantly detergents like CHAPS or SDS were 
considered to improve protein reconstitution [9,10,18–21]. 
However, such detergents are incompatible with the nano-
HPLC coupled ESI-LC tandem mass spectrometry, except 
when particular sample clean-up steps are applied. 
Kerefore, here we present the results of a simple 
modi&cation of the Trizol protocol avoiding the use of 
detergents but enhancing protein recovery by reconstituting 
the protein pellet not only in the denaturing chemical urea 
(8M) but in the presence of 2M thiourea which especially 
supports the resolubilization of hydrophobic proteins [22]. 
Kiourea is a non-chaotropic compound, which has been 
frequently used in 2D-PAGE applications due to its high 
capacity to re-solubilize membrane proteins [20,22]. Kus, 
addition of UT followed by incubation at room temperature 
and shaking at 800 rpm resulted in a rapid and almost 

Fig. 1 Modi&ed Trizol protocol for mass spectrometry-compatible protein extraction. Ke protocol retains the steps suggested by the man-
ufacturer for preparation of RNA-and DNA-fractions, but uses modi&ed steps for an improved reconstitution of the protein pellet in 8M 
urea/2M thiourea (UT). Ke modi&cation is highlighted by blue background. 



Elke Hammer et al., 2015 | Journal of Integrated Omics 

58-64: 61 

complete dissolution of the protein pellet. Due to the strong 
denaturing conditions used, proteins lose their native 
conformation and cannot be used for studies of natural 
activity. However, they are well suited for proteomics 
studies, including protein quantitation.  

3.1 Protein extraction, reconstitution and quantitation  

Standard extraction of proteins from 5 x 106 S9 cells was 
performed with 1000µl UT. In contrast, 400 µl UT were used 
for the reconstitution of the pellet obtained by precipitation 
of protein with Trizol. Due to the lower volume, protein 
concentrations of the Trizol derived protein extracts were 
similar to UT protein extraction (T1=1.75µg/µl, T2=1.37µg/
µl, T3=0.67µg/µl; UT1=1.15µg/µl, UT2=0.98µg/µl, UT3=2.32 
µg/µl). Ke total amount of protein extracted with UT was 
larger compared to Trizol extraction (T1=698.2µg, 
T2=547.32µg, T3=268.11µg and UT1=1150µg, UT2=983µg, 
UT3=2324.85µg). Lower protein yield with Trizol protein 
extraction was also previously reported [20]. However both 
extraction methods yielded suLcient protein for further 
proteomics and biochemical analysis methods.  

3.2 Resolution and antigenic stability testing of the proteins 
extracted 

Separation of all protein extracts on a 1D-gel revealed a 
similar complex protein pattern for both extraction methods 
(Fig. 1A). Minor di5erences were only observed in the 
staining intensity of particular protein bands in the low 
molecular weight (MW) range. Previous reports indicated 
that Trizol extraction might be more eLcient for proteins 
with low-MW in comparison to other methods of extraction 
[20,23]. In order to assess if higher amounts of low MW 

proteins are indeed accessible aZer Trizol extraction or if the 
increased band intensity (Fig. 2) resulted from degradation 
of high MW proteins, the low MW regions were cut from 
the gel and subjected to in-gel-tryptic digestion and mass 
spectrometry. However, no di5erences in the spectral counts 
per protein between the UT and Trizol derived protein 
extracts and no indication of increased levels of degradation 
products were found. Kus, the stronger intensity of bands 
of low MW proteins aZer Trizol extraction is likely caused 

Fig. 2 (A) Visualization of UT and Trizol extracted proteins on 
a 1D 12.5% SDS polyacrylamide gel by Coomassie staining; (B) 
Determination of the antigenic stability of the extracted proteins 
through Western Blotting for the presence of α-GAPDH (at 
37kDa). (M-protein marker) 

Re-suspension of protein pellets in : Author Ref. 

1:1 solution of 1% SDS and 8 M urea in Tris-HCl 1 M, pH 8.0, followed by 5 cycles of 15 sec sonication and 30 

sec ice incubation 
Simões et al. [10] 

7 M urea, 2 M thiourea, 4% (w/v) Chaps, 1 mM phenylmethane sulfonyl ^uoride and 30 mM Tris-HCl, pH 8.5 Yamaguchi et al. [20] 

8 M urea, 4% (w/v) Chaps and 2% (w/v) DTT, followed by sonication (10 min, 40C) and incubation at room 

temperature for 2 h 
Xiong et al. [19] 

1% SDS, followed by incubation at 500C for longer than 10 min with intermittent vortexing Likhite et al. [9] 

8 M urea Ham et al. [21] 

9.5 M urea and 2% (w/v) Chaps, pH 9.1 or 10% acetonitrile, pH 4.8 or 1% triton, pH 5.3 Man et al. [11] 

250 mM glycerol, 10 mM triethanolamine and 4% (w/v) Chaps Kirkland et al. [18] 

Sonication in methanol and reconstitution of the powder in 0.2% Rapigest Kline et al. [26] 

Table 1 Published Trizol protocols modi&ed with the aim of improving protein recovery.  
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by more eLcient protein staining.  
Since an arti&cial Trizol-triggered modi&cation of proteins 

that might lead to a masking of epitopes has previously been 
discussed [19], the suitability of Trizol-prepared protein 
extracts for immunoblotting was exemplarily tested for α-
GAPDH. Fig. 1B shows α-GAPDH identi&ed at 
approximately 37kDa, demonstrating preservation of 
epitope recognition of the proteins extracted and the lack of 
in^uence of the extraction method on α-GAPDH signal 
intensity. Other studies have also investigated the stability of 
the proteins extracted with Trizol by using PAGE and 
Western blot analysis, with similar results [8,9,20]. 

Representative gels of 2D-gel electrophoresis performed 
with Trizol and UT protein extracts from S9 cell line are 
presented in Fig. 3. Our modi&ed Trizol extraction method 
revealed good resolution of proteins, presenting a similar 
protein pattern as it was detected on the gels in which 

proteins of the UT extracts were separated. Kus, our data 
contradict those of Xiong and colleagues, who reported spot 
chains, smears or di5use spots or even potential protein 
degradation as possible consequences of arti&cial protein 
modi&cations in the presence of Trizol [19]. In agreement 
with our data, comparable good results obtained aZer 
conventional urea extraction were reported for 2D-PAGE 
experiments with Trizol derived extracts [20]. Again, 2D gels 
of Trizol extracts yielded more spots, with a higher intensity, 
especially in the low MW range. Kis e5ect was hypothesized 
to occur as a result of the high eLciency of removal of 
nucleic acids, lipids, carbohydrates and salts [18]. Such a 
high purity of the protein extracts can be a signi&cant 
advantage for di5erent protein enrichment methods such as 
immobilized metal aLnity chromatography (IMAC) for 
phosphopeptides, potentially providing an increased 
sensitivity [24,25].  

3.3 Protein identi�cation by ESI nano-HPLC-MS 

In order to analyze the samples by bottom-up proteomics 
we &rst trypsinized the protein extracts and interpreted the 
raw data obtained from nano-HPLC-MS/MS using 
Proteome Discoverer (Supplemental Table S2). Overall, the 
number of peptide spectrum matches (PSMs) and peptides 
found in the Trizol samples was similar to the ones detected 
in the UT samples (PSMs: T1=4339, T2=4432; T3=3389; 
UT1=4295, UT2=4432, UT3=4327p=0.46, and peptides: 
T1=3117, T2=3108, T3=2292; UT1=3074, UT2=3156, 
UT3=3090, p=0.43). From the identi&ed peptides, we 
inferred a similar number of proteins in the Trizol and the 
UT samples (proteins identi&ed based on at least one 
proteospeci&c peptide: Trizol=814; UT=798; proteins 
identi&ed based on at least two proteospeci&c peptides: 
Trizol=459; UT=507). However, except for sample T3, 
Trizol extraction revealed a higher number of protein 
identi&cations compared to UT. Improved protein 
identi&cation was also reported by others, recommending 
the use of Trizol to the mapping of whole proteomes [21,26], 
with the advantage that Trizol can simultaneously extract 
RNA, DNA, and protein from the same sample leading to 
sample economy, which is especially useful when dealing 
with small and precious samples (biopsies, sorted cells etc.) 
[8,14]. 

Overall, there was a 77.49 % overlap between the proteins 
identi&ed using UT or Trizol (Supplemental Figure 2). For 
both protein extraction methods, we found an 80% overlap 
between the proteins identi&ed in the three bioreplicates 
used which is in the range of the technical variance across 
the replicates.  

To assess the similarity of the protein pro&les between the 
two extraction methods, proteins were classi&ed using 
Protein Center (Figure 3). Top cellular components covered 
by the extracted proteins were very similar for the two 
extraction methods - cytoplasm (T=23.63% /UT=23.88%), 

Fig. 3 Representative 2D-PAGE gel images of the proteins ex-
tracted using (A) Trizol and (B) UT which show similar protein 
patterns, good resolution of proteins, and more spots, with a 
higher intensity, especially in the low MW range for the Trizol-
extracted proteins. 
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nucleus (14.94% / 14.78%) and membrane (11.19% / 
11.73%). Likhite et al. identi&ed the inability to analyze 
nuclear proteins as a major limitation of the Trizol method 
[9], but it seems that our modi&cation to the Trizol protocol 
also improved coverage of the nuclear protein fraction. Ke 
presence of membrane proteins in the Trizol samples shows 
that the modi&cation to the Trizol manufacturer’s protocol 
led to the improvement of the reconstitution of membrane 
proteins, which sometimes poses diLculty during extraction 
and dissolution. Top molecular functions of the identi&ed 
proteins were protein binding (T=31.59%, UT=30.67%), 
catalytic activity (15.85% / 16.92%) and nucleotide binding 
(10.04% / 11.01%) and top biological processes covered by 
the identi&ed proteins were metabolic (19.92% / 20.5%), 
regulation of biological processes (14.58% / 14.56%) and cell 
organization and biogenesis (11.64% / 10.97%) and all were 
very similarly covered by both extraction methods. 

Molecular functions and biological processes were also 
similarly covered by the proteins extracted by both methods. 

4. Concluding Remarks 

In the present study we have performed a Trizol protein 
extraction from a cell culture and compared it to traditional 
urea/ thiourea lysis bu5er extraction resulting in comparable 
quality of the proteins fractions recovered by the two 
methods, with the major advantage that the Trizol protocol 
also enables simultaneous RNA and DNA extraction from 
the same sample. 

 We have demonstrated that suLcient amounts of protein 
for further analysis can be extracted from S9 cells for further 
proteomics applications using a modi&ed Trizol protocol. 
Our study highlights that the modi&ed Trizol extraction 
allows rapid protein extraction with minimal protein 
degradation by proteolysis and yields highly pure protein 
extracts, compatible with many types of protein analysis 
techniques such as 1D-, 2D-PAGE, Western blot analysis 
and most importantly LC-tandem mass spectrometry. 

5. Supplementary material  

Supplementary data and information is available at: http://
www.jiomics.com/index.php/jio/rt/suppFiles/185/0 

Supplementary Table S1 LC-MS/MS parameters and 
presentation of proteomic data 

Supplementary Table S2 List of all proteins extracted from 
human airway epithelial cell line S9 using Trizol and urea/ 
thiourea 

Supplementary Fig. S1 Venn diagram depicting the 
protein overlap for the merged results from 3 biological 
replicates for UT and Trizol extraction methods. 
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