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Abstract  

Cadmium (Cd) is an environmental pollutant that accumulates in the organisms causing serious 

health problems. Over the past decades, “omics” studies have been conducted trying to elucidate changes 

in the genome, the transcriptome or the proteome after Cd exposure. Metabolomics is relatively new to 

the “omics” revolution, but has shown enormous potential for investigating biological systems or their 

perturbations. When metabolomic data are interpreted in combination with genomic, transcriptomic and 

proteomic results, in the co-called systems biology approach, a holistic knowledge of the 

organism/process under investigation can be achieved. In this work, transcriptional and proteomic 

analysis (functional genomics) were combined with metabolomic workflow to evaluate the biological 

responses caused in Mus musculus mice by Cd (subcutaneous injection for 10 consecutive days). Animals 

showed high Cd levels in liver and plasma, drastic lipid peroxidation in liver, increased transcription of 

hepatic genes involved in oxidative stress, metal transport, immune response and lipid metabolism and 

moderate decreases of DNA repair genes mRNAs. 2DE-DIGE proteomics confirmed changes of hepatic 

proteins related to stress and immune responses, or involved in energy metabolism, suggesting a 

metabolic switch in the liver from oxidative phosphorylation to aerobic glycolysis, that was confirmed by 

metabolomics analysis, via DIMS and GC-MS. This metabolic alteration is particularly important for 

highly proliferating cells, like tumor cells, which require a continuous supply of precursors for the 

synthesis of lipids, proteins and nucleic acids. The metabolic changes observed in mouse liver by 

metabolomics and the oxidative stress detected via functional genomics could be in the base of Cd 

hepatocarcinogenicity. 

 

 

Keywords: Biological response, qRT-PCR; absolute transcription profiles; 2DE-DIGE proteomics, 

metabolomics, Mus musculus, cadmium exposure, direct infusion mass spectrometry 
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1. Introduction 

Cadmium has become one of the most important environmental pollutants in the world due to its 

wide application in a variety of industrial processes. Cd accumulates mainly in the liver and kidney and 

both organs are critical targets for acute Cd toxicity (Goyer and Clarkson, 2001; Jihen el et al., 2010; 

Nordberg, 2009). Several reports indicate that Cd toxicity involves depletion of reduced glutathione 

(GSH), inhibition of antioxidant enzymes and of energy metabolism and enhanced production of reactive 

oxygen species (ROS) (Zhai et al., 2013). Thus, increased lipid peroxidation and oxidative DNA damage, 

inflammatory processes, apoptosis and necrosis have been described among the mechanisms of Cd-

induced liver injury (Afolabi et al., 2012; Asara et al., 2013; Brzoska and Rogalska, 2013; Brzoska et al., 

2011; Filipič, 2012; Jihen el et al., 2010; Jurczuk et al., 2003; Jurczuk et al., 2004; Koyu et al., 2006; 

Matovic et al., 2011; Moniuszko-Jakoniuk et al., 2005; Murugavel and Pari, 2007b; Rana, 2008; Rani et 

al., 2014; Satarug et al., 2010; Templeton and Liu, 2010). 

In recent years, the massive advances in the knowledge of genes and genomes (genomics) 

prompted the development of several novel "omics" very useful to reveal the biological responses of 

organisms to toxic metal exposure and to understand the toxicity mechanisms of contaminants (Garcia-

Sevillano et al., 2014b). Fundamental biological processes can now be studied by applying to one 

biological sample the full range of "omics" technologies (Morrison et al., 2006). Genomics applies 

methods of Molecular Biology and Bioinformatics to sequence, assemble and analyze the structure and 

function of genomes (the complete set of DNA within a single cell of an organism). In contrast, 

Functional Genomics deals with the analysis of gene expression (Transcriptomics) and the comprehensive 

analysis of proteins/metalloproteins (Proteomics/Metalloproteomics) (Gonzalez-Fernandez et al., 2008). 

More recently, Metabolomics, the complete study of metabolites involved in different metabolic 

processes, has become an emerging field in analytical biochemistry and can be regarded as the end point 

of "omics" cascade (Dettmer and Hammock, 2004). Furthermore, since changes in the metabolome are 

the ultimate response of an organism to genetic alterations or environmental influences, the metabolome 

is most predictive of phenotype (Fiehn, 2002; Weckwerth, 2010). Thus, the comprehensive and 

quantitative study of transcripts, proteins and metabolites is an attractive tool for either diagnosing 

pathology or studying the effects of toxicants on phenotype in the organism under investigation.  
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Although Cd has been related with several pathologies, the mechanisms underlying Cd toxicity 

are not yet fully elucidated. We have used here a combination of transcriptomics, proteomics and 

metabolomics methodologies to obtain a holistic view of the molecular pathways altered by Cd exposure 

over 10 consecutive days aimed to determine the biochemical consequences for mice. Effects in the 

hepatic transcriptional profile were measured by absolute quantitative reverse transcription-polymerase 

chain reaction (qRT-PCR) analysis, combined to 2-DE difference gel electrophoresis (DIGE) to evaluate 

the perturbations in the liver proteome. These results were complemented with metabolomics data 

obtained by applying the metabolomic workflow based in the use of molecular mass spectrometry to liver 

and plasma of Mus musculus mice. 
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2 Materials and methods 

2.1 Animal handling 

Mus musculus (inbred BALB/c strain) mice were obtained from Charles River Laboratory 

(Spain). A total of 32 male mice of 7 weeks were allowed to acclimate for 5 days with free access to food 

and water under controlled conditions (25-30ºC, 12 h light-dark photoperiod) prior to the exposure. For 

the experiment, mice were distributed into four groups, two being exposed to Cd(II) (as CdCl2) by 

subcutaneous injection (100 µl) of a solution of 0.1 mg Cd per kg of body weight per day and the other 

two groups used as control and injected with 100 µL of 0.9% NaCl in ultrapure water. A control and a 

Cd-treated group of mice were sacrificed at the 6
th

 day of the experience and the other two groups at the 

10
th

 day. After being individually anesthetized by isoflurane inhalation, mice were sacrificed by cervical 

dislocation and exsanguinated by cardiac puncture, dissected using a ceramic scalpel and their organs 

transferred rapidly to dry ice. Individual organs were weighted in Eppendorf vials, rinsed in 0.9% NaCl 

solution, frozen in liquid nitrogen and stored at -80 ºC. Individual livers were ground by cryogenic 

homogenization. Three pools were prepared per experimental condition (control or Cd-treated groups, 

after 6d and 10d) by mixing equal amounts of homogenized hepatic tissue or plasma from 2-3 mice per 

pool; each pool represented a biological replicate. The experimental design is pictured in Online 

Supporting Information Figure 1.  Mice were handled according to the norms stipulated by the European 

Community. The investigation was approved by the Ethics Committees of Córdoba and Huelva 

Universities (Spain). 

2.2 Determination of cadmium concentration in liver and plasma 

A SPEX SamplePrep cryogenic homogenizer (Freezer/Mills 6770) was used for solid tissue 

disruption. Cd concentration was determined in mouse liver and plasma after 6 and 10 days of treatment. 

Samples (0.100 g) were exactly weighed in 5-ml PTFE microwave vessels and mixed with 500µL of a 

HNO3/H2O2 mixture (4:1 v/v) (Ultra Trace analytical grade, Fisher Scientific, Leicestershire, UK). After 

10 min, the vessels were closed and introduced into a MARS microwave oven (CEM Matthews, NC, 

USA). The mineralization was carried out at 400 W, starting at room temperature, ramping to 160ºC in 15 

min, and holding for 20 min at 160ºC. Then the solutions were made up to 2 g with ultrapure water and 

trace metals were analyzed with an Agilent 7500ce inductively coupled plasma mass spectrometer 
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(Agilent Technologies, Tokyo, Japan) equipped with an octopole collision/reaction cell. The element Rh 

was added as internal standard (1µg /l). All analyses were made using three replicates and previously 

published operating conditions (Garcia-Sevillano et al., 2012). 

2.3 Measurement of lipid peroxidation in liver 

Lipid peroxidation was measured as thiobarbituric acid reactive substances (TBARS). Three 

pools were prepared per each experimental condition (Cd-treated and control groups, after 6d and 10d) by 

mixing equal amounts of homogenized hepatic tissue or plasma of 2-3 mice per pool; each pool 

represented biological replicates. Of each sample, 100 mg were disrupted in 300 µL of 10 mM Tris-HCl, 

pH 7.5, containing 1 mM EDTA, 1 mM GSH and 1 mM PMSF and the lipid peroxides in the homogenate 

were determined by the Buege and Aust (1978) method with some modifications. Briefly, 2-10 µL of 

lysates were mixed with 125 µL of 0.5% (w/v) butylated hydroxytoluene in methanol, 50 µL of 0.66 N 

H2SO4 and 37.5 µL of 0.4 M Na2WO4, and the total volume was adjusted to 1 mL with water. Samples 

were vortexed and centrifugated (5000 g, 5 min, at room T) and the supernatant mixed with 250 µL of 1% 

thiobarbituric acid (w/v in NaOH 0.1M). Mixtures were heated at 95 ºC for 1 hour, cooled to room T in 

an ice bath, and their fluorescence was determined (Ex/Em 515/550 nm, 15 nm slit width) in a LS 50B 

fluorescence spectrometer (Perkin Elmer). The TBARS concentrations in each sample were determined 

from a standard curve generated from 1,1,3,3-tetraethoxypropane and expressed as nmol of MDA formed 

per 100 mg of tissue. All determinations were carried out in triplicate. 

2.4 Absolute quantification of mRNA levels by qRT-PCR 

Primer design. Primers directed against mouse Sod1, MT1 and A170 genes were designed with the Oligo 

7.58 software (Molecular Biology Insights) with identical characteristics (Pueyo et al., 2002) to other 

primers used in this work and previously described (Abril et al., 2014; Fuentes-Almagro et al., 2012; 

Jurado et al., 2007; Prieto-Alamo et al., 2003). All primers are given in Online Supporting Information 

Table 1. 

RNA sample preparation. Total RNA from individual livers was isolated with the RNeasy Mini Kit 

(Qiagen) and the resulting RNA was further treated with DNase I (QIAGEN RNase-Free DNase Set) to 

remove residual DNA. The samples were then cleaned up with the same RNeasy Mini Kit, using the RNA 
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Clean Up protocol and denatured by heating at 65ºC for 10 min. RNA integrity was determined by 

microcapillary electrophoresis with the Agilent 2100 Bioanalyzer, and RNA concentrations were 

accurately measured using the Hellma TrayCell system (Hellma Analytics). Genomic DNA 

contamination was tested by PCR amplifications of RNA samples without prior cDNA synthesis. Three 

pools per experimental condition (Cd-treated and control groups after 6 and 10d) were prepared by 

mixing equal amounts of total RNA of 2-3 mice and used for cDNA synthesis. 

qRT-PCR. The absolute quantification of mRNA levels was carried out as described (Jurado et al., 2007). 

cDNA was generated from 2 μg of pooled RNA and real-time PCR reactions were performed in 

quadruplicate with 50 ng/well of cDNA. An absolute calibration curve was constructed with 10
2
 to 10

9
 

molecules per well of an in vitro synthesized RNA (Jurado et al., 2007; Prieto-Alamo et al., 2003). The 

number of transcript molecules was calculated from the linear regression of the calibration curve (Jurado 

et al., 2007; Prieto-Alamo et al., 2003). The reliability of an absolute quantification depends on identical 

amplification efficiencies for both the target and the calibrator. Our primers were designed to amplify all 

amplicons with optimal (∼100%) efficiencies and high linearity (r > 0.99) in the range of 20 to 2×10
5
 pg 

of total RNA input. 

2.5 DIGE experiment 

Protein extraction. One pool was prepared per each of the two Cd-exposed groups (6 and 10d) by mixing 

equal amounts of ground liver from the 8 mice included in each group; equal amounts of liver from all 

control mice were pooled in one unique control (Online Supporting Information Figure 1). From each 

tissue pool (control, 6d- and 10d-Cd exposed) 100 mg were disrupted in 300 µL of extraction buffer (20 

mM Tris-HCl, pH 7.6, containing 0.5 M sucrose, 0.15M KCl, 20 mM DTT, 1 mM PMSF, 6 µM leupeptin 

and P2714 Sigma Protease Inhibitor after manufacturer´s instructions). Cell debris was cleared by 

centrifugation (14000 g, 10 min, 4ºC) and the supernatants were treated with benzonase (500 U/ml) and 

ultracentrifuged (105000 g, 60 min). These extracts were precipitated by using a 2D-Clean-up kit (GE-

Healthcare) after manufacturer’s instructions, resuspended in 8 M urea containing 30 mM Tris-HCl and 

4% w/v CHAPS and adjusted to pH 8.5. Protein concentration was determined using 2D-Quant Kit (GE 

Healthcare). 
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Fluorescent labelling of proteins and 2-DE electrophoresis. Protein samples were labeled using Cy3 and 

Cy5 dyes (CyDye™ DIGE Fluor minimal, GE Healthcare) after manufacturer’s instructions. All samples 

in the experiment were mixed, labeled with Cy2 dye for use as internal standard (IS) for normalization. 

Equal amounts (50 g) of one Cy3 and one Cy5 labeled samples from different experimental conditions 

and the Cy2-labeled IS were combined and separated on a single 2DE gel (Cy dyes were swapped to 

compensate for dye differences). Total volume was adjusted to 50 µL, mixed 1:1 with isoelectrofocusing 

(IEF) rehydration buffer (8 M urea, 4% w/v CHAPS, 130 mM DTT, 2% w/v IPG buffer pH 3-10) and 

incubated for 30 min to obtain complete denaturation of proteins. All steps were carried out at 4ºC. 

Immobilized pH gradient (IPG) strips (pH 4–7, 24 cm) (GE Healthcare) were rehydrated 

overnight at 20ºC with 390 µl of DeStreack rehydration solution (GE Healthcare) containing 2% w/v of 

IPG buffer pH 4-7. Then, denatured proteins were cup-loaded in the IPG strips at approximately 1 cm 

from the cathode. After 6 h active (50 V) rehydration, IEF was carried out (20°C, 50 µA/strip) in a 

Protean IEF apparatus (Bio-Rad) at 500, 1000, 2000, 4000, 6000 and 8000 V (each 90 min) and 8000 V 

(until reaching 57 000 Vh). The strips were then soaked 20 min in equilibration mix (50 mM Tris–HCl, 

pH 8.8, 6 M urea, 30% w/v glycerol, 2% w/v SDS, and bromophenol blue traces) containing 65 mM 

DTT, drained and again soaked 20 min in this mix containing 0.35 M iodoacetamide. For the second 

dimension, DryStrips were loaded on top of 12.5% w/v SDS-PAGE gels and separated at 20 °C in a 

BioRad Protean Plus Dodeca Cell at 2.5 W per gel (10 min) and 3 Wper gel (approx.12 h).  

The separated proteins labeled with Cy3, Cy5 and Cy2 dyes were detected in gels using a 

Typhoon scanner (GE Healthcare). The Cy3- and Cy5-labeled proteins migrating to each 2D spot were 

quantified based on the corresponding fluorescence intensities and their molar ratios were calculated 

using the DeCyder 6.5 software (GE Healthcare). Each set of three images from a single gel was first 

processed using the Differential In-gel Analysis module for automatic spot detection, spot volume 

quantification and volume ratio normalization of the different samples loaded in the same gel. Then, the 

Biological Variation Analysis module was used to automatically match the spots among different gels and 

to identify those showing statistically significant differences between the samples. Statistical analysis 

(ANOVA) was performed on all spots that exhibited ≥ ±1.5-fold change (p0.02) in protein content. 

2.5 In gel digestion and mass spectrometry (MS) analysis 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



9 

 

A total of 48 spots corresponding to differentially expressed proteins were selected for 

identification. Preparative gels were loaded with 300 µg of the IS sample to facilitate matching; protein 

separation was obtained in the same conditions described above for the DIGE gels. After 2-DE, proteins 

were stained with Sypro Ruby® (BioRad) according to the manufacturer’s instructions, and the selected 

spots were excised using an Investigator™ProPic station (Genomic Solutions). Spots were destained, 

dehydrated, and dried. Proteolytic digestion was carried out with 20 µl trypsin (12.5 ng/µl trypsin in 25 

mM ammonium bicarbonate) at 25ºC for 10 min followed by 3 x 5 min treatment in a microwave oven 

(200W). The digestion was stopped by adding 10 ml of 0.5% v/v trifluoroacetic acid (TFA). The resulting 

peptides were purified in a Pro PrepII station (Genomic Solutions) with a C18 microcolumn (ZipTip, 

Millipore), eluting with matrix solution (5 mg/ml alpha-Cyano-4-hydroxycinnamic acid in 70% 

acetonitrile and 0.1% TFA). Samples were directly spotted onto an Opti-TOF® MALDI plate (AB 

SCIEX) using the Investigator™ ProMS apparatus (Genomic Solutions) and analyzed using an AB 

SCIEX 4800 MALDI TOF/TOF apparatus, operated in the positive reflection delayed extraction mode. 

Spectra were internally calibrated using the m/z ratios of the peptides derived from auto-digestion of 

porcine trypsin (MH 842.509, MH 2211.104). The m/z was measured to a precision of 720 ppm. The 

MS/MS fragmentation spectra of the most intense 12 m/z fragments were found for each sample. The 

spectra obtained in the MALDI TOF/TOF analysis, with a signal/noise threshold ≥10, were adjusted to a 

baseline, deisotoped, and the values of the mono-isotope ions of each peptide were detected. 

Molecular masses of the tryptic peptide profiles were used to search in the IPI_Mouse database 

(http://www.ebi.ac.uk/IPI/IPIhelp.html) with GPS Explorer software v2.0 (Applied Biosystems) and 

automated database search, using the Mascot Search Engine (Matrix Science). Their masses were 

compared to the theoretical peptide masses of all available proteins and predicted proteins from DNA 

sequences. Unmatched peptides were not considered in the analysis. All peptide fragments obtained for 

each digest were submitted to a search made by combining Peptide Mass Fingerprinting (PMF) and the 

results from MS/MS fragmentations. Search parameters for the program were as follows: maximum 

allowed error of peptide mass 100 ppm; cysteine as S-carbamidomethyl-derivative, oxidation of 

methionine, formation of pyroglutamic acid, and acetylation of the N-terminal extreme allowed. 

2.6 Metabolomic workflow 

2.6.1 Sample preparation for metabolomics study by mass spectrometry.  
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All solvents used in sample preparation for the metabolomic study of liver and plasma were of 

optima LC/MS grade. Methanol, acetonitrile and chloroform were from Fisher Scientific (Leicestershire, 

UK), while ammonium acetate and formic acid were from Sigma-Aldrich (Steinheim, Germany). Sample 

preparation of individual livers for metabolomic analysis based on direct infusion to mass spectrometry 

(DIMS) was carried out in two-steps. 1) Polar metabolites were extracted by adding 200 µL of a 

methanol/acetonitrile mixture (2:1, v/v) to 50 mg tissue in an Eppendorf tube followed by vigorous vortex 

shaking for 5 min. Then, the cells were disrupted using a pellet mixer (2 min) at 4ºC, and the sample was 

centrifuged for 10 min at 4000 g and 4°C. The supernatant was carefully collected and transferred to 

another Eppendorf tube. The pellet was re-homogenized as above with 100 µL of methanol/acetonitrile 

mixture (2:1, v/v), centrifuged as described above and the pellet was kept for further treatment. Both 

supernatants were combined and stored to -80ºC for analysis. 2) Lipophilic metabolites were extracted 

from the pellet with 200 µL of a chloroform/methanol mixture (2:1, v/v), using a pellet mixer (2 min), 

and centrifuged at the same conditions described above. The resulting supernatant was stored to -80ºC for 

analysis.  

For DI-ESI(±)-QTOF-MS of blood plasma samples, proteins were removed by adding 400 µL of 

a methanol/acetonitrile mixture (2:1, v/v) to 100 µL plasma in an Eppendorf tube followed by vigorous 

vortex shaking for 5 min at room T and centrifugation for 10 min at 4000 g and 4 °C. The supernatant 

was carefully collected avoiding the precipitated proteins, transferred to another Eppendorf tube and the 

resulting supernatant was taken to dryness under N2 stream for storage at -80ºC until analysis. To extract 

lipophilic metabolites, the pellet was homogenized with 200 µL of a chloroform/methanol mixture (2:1, 

v/v), using a pellet mixer (2 min), and centrifuged for 10 min at 10000 g and 4 °C. The resulting 

supernatant was taken to dryness under N2 stream and stored at -80ºC for analysis. The polar extracts 

were reconstituted to 100 µL of a methanol/acetonitrile mixture (2:1, v/v) and the lipophilic extracts were 

reconstituted to 100 µL of a chloroform/methanol mixture (2:1, v/v) before the analysis by ESI-MS.  

For data acquisitions from positive ionization, 0.1 % (v/v) formic acid was added to polar extract and 50 

mM of ammonium acetate to lipophilic extract. In the case of negative ionization intact extracts were 

directly infused to the mass spectrometer. 

2.6.2 Analysis of sample extracts by direct infusion-mass spectrometry 

Metabolomic experiments of liver and plasma extracts from Cd-exposed mice were performed 

by DIMS in a QSTAR XL Hybrid system mass spectrometer (Applied Biosystems, Foster City, CA, 
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USA) using an electrospray ionization source (ESI). The parameters for triple quadrupole-time of flight 

(QqQ-TOF) analyzer were optimized to obtain the higher sensitivity with minimal fragmentation of 

molecular ions, both in positive and negative ion modes. To acquire MS/MS spectra, N2 was used as 

collision gas. Gas chromatography-mass spectrometry (GC-MS) analysis was also applied to mice 

plasma, as previously described (Garcia-Sevillano et al., 2013). Derivatizing agents, methoxylamine 

hydrochloride and N-methyl-N-(trimethylsilyl) trifluoroacetamide containing 1% trimethylchlorosilane, 

were obtained from Sigma-Aldrich. 

2.6.3 Analysis of samples by gas chromatography-mass spectrometry 

Sample preparation for GC-MS analysis was carried out as a previously published (Garcia-

Sevillano et al., 2014a). Separation was performed in a Trace GC ULTRA gas chromatograph coupled to 

a ITQ900 ion trap mass spectrometer detector, both from Thermo Fisher Scientific, using a Factor Four 

capillary column VF-5MS 30m×0.25mm ID, with 0.25 µm of film thickness (Varian).  

The injector temperature was kept at 280ºC, and He was used as carrier gas at 1 mL/min constant 

flow rate. For optimal separation, column T was initially maintained at 60ºC for 10 min, and then 

increased from 60 to 140ºC at a rate of 7 ºC/min and held for 4 min. Then, column T was increased to 180 

ºC at 5º C/min and maintained for 6 min. Finally, the T was increased to 320ºC at 5 ºC/min, and held for 2 

min. For MS detection, ionization was carried out by electronic impact (EI) with 70 eV voltage, using full 

scan mode in the m/z range 35–650, with an ion source T of 200ºC. For the analysis, 1 µl of sample was 

injected in splitless mode. The identification of endogenous metabolites was based on comparison with 

the corresponding standards according to their retention times and mass spectra characteristics; 

complementarily, search on NIST Mass Spectral Library (NIST 02) was used. 

2.6.4 Data analysis 

Markerview™ software (Applied Biosystems) was used to filter the MS results. Statistical data 

analysis (partial least squares discriminant analysis, PLS-DA) were performed by the SIMCA-P™ 

statistical software package (v 11.5, UMetrics AB, Umeå, Sweden). PLS-DA is a partial least squares 

regression of a set Y of binary variables describing the categories of a categorical variable on a set X of 

predictor variables. It is a compromise between the usual discriminant analysis and a discriminant 

analysis on the significant principal components of the predictor variables (Perez-Enciso and Tenenhaus, 

2003). Data were processed to find differences between mice groups submitted to different exposure time, 

and to trace the metabolites altered by Cd for later identification by their molecular mass and fragments in 
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MS/MS experiments. In addition, altered metabolites were characterized using different DIMS-based 

metabolomics databases, such as Human Metabolome Database (http://www.hmdb.ca), METLIN 

(http://metlin.scripps.edu) and Mass Bank (http://www.massbank.jp). In GC-MS analysis, metabolite 

identification was performed using the NIST Mass Spectral Library (NIST 02). 
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3 Results and discussion 

3.1 Determination of cadmium in liver and plasma 

The analysis of Cd concentrations in tissue samples revealed a dose-related increase in Cd levels. 

Male Mus musculus mice were daily injected subcutaneously with 0.1 mg Cd per kg of body weight 

during a total period of 10 days. Data in Online Supporting Information Table 2 shows that Cd 

accumulation was a gradual process in liver and resulted in >50-fold higher Cd level in the liver of 10d-

treated mice compared to the control group, with a >20-fold rise in Cd concentration after 6 days. In 

plasma a cumulative Cd concentration was found in treated mice, raising from a >12-fold after 6d to >16-

fold after 10d, compared to the control group. 

3.2 Measurement of lipid peroxidation in liver 

Cadmium does not generate free radicals directly, but has been proposed to replace Fe and Cu in 

various cytoplasmic and membrane proteins. Hence, Cd accumulation in tissues increases the amount of 

free or chelated Cu and Fe ions participating in oxidative stress via Fenton reactions (Valko et al., 2005). 

The so generated reactive oxygen species (ROS) cause lipid peroxidation, protein oxidation and DNA 

damage to the cellular constituents (Fang et al., 2010). 

Fig. 1 shows that Cd treatment induced in mice a strong and statistically significant increase of the 

hepatic MDA levels, a subproduct of lipid peroxidation, according to previous reports (Valko et al., 

2005). This MDA increase parallels Cd accumulation in liver and both parameters correlated positively 

(78.5%) indicating that, irrespectively of the mechanism, Cd caused an intense oxidative stress in the 

hepatic tissue. 

3.3 Transcriptional profile in mouse following cadmium exposure 

Both Cd and ROS influence signal transduction processes via the modulation of transcription 

factors which lead to the transcriptional activation of different genes (Habeebu et al., 2000; Jara-Biedma 

et al., 2013). Exposure to Cd triggers a cellular antioxidant response via transcriptional regulators, such as 

the nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Classical Nrf2 target genes are involved in 

antioxidant defense, including glutathione S-transferases, subunits of glutamate–cysteine ligase, heme 
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oxygenase, glutathione peroxidases, peroxiredoxins, and metallothioneins (MT) among others (Kensler et 

al., 2007; Wu et al., 2012). 

Here we have examined in mouse liver the transcriptional responses to Cd exposure, focusing on 

14 genes involved in oxidative stress response, metal transport, DNA repair, heat shock response, lipid 

metabolism and immune response. We worked with three mini-pools prepared by mixing equal amounts 

of total RNA of 2-3 mice per experimental condition (control and Cd-treated after 6 and 10 days). Since 

many factors, including animal sacrifice, may contribute to interindividual variability in gene expression, 

even working with genetically identical mice, we first quantitated by real-time PCR the transcript 

molecules of three genes, A170, Mogat1 and Gpx1 in liver samples of each mouse (8) included in the 6d-

control group (Online Supporting Information Table 3). Replicate reactions generated highly reproducible 

results with SDs  <10% of the mean values (<1% of threshold cycle data). Interindividual variations was 

in the same range, demonstrating that the studied genes have a stable expression in these samples. From 

these results, we assumed that the study would not be exposed to misinterpretation by using sample pools. 

The real-time PCR analysis allowed to accurately assessing the basal expression levels of a 

selected set of genes in the mice livers, summarized in Figure 2. Genes from low (< 1 mRNA copy/pg of 

total RNA in the case of Mogat1) to high basal expression levels (> 10
3
 mRNA copies/pg of total RNA in 

the case of Gpx1) were determined in a highly quantitative manner. Cd exposure altered the transcript 

levels of each of the 14 studied genes, chosen as representatives of different stress response pathways, as 

indicated below.  

Stress response  

The first set of genes code for the main members of the antioxidant network. SODs dismutate 

superoxide into O2 and H2O2, subsequently detoxified to H2O by catalase (CAT) or by members of the 

glutathione peroxidase (GPX) or peroxiredoxin (PRDX) families (Han et al., 2008). Heme oxygenase 1 

(HMO1) disrupts heme, a potent prooxidant and proinflammatory agent, and generates biologically active 

products such as CO with an important antiinflammatory effect (Jozkowicz et al., 2007). A170, mouse 

counterpart of the human sequestosome 1 (SQSTM1) or p62, links polyubiquitinated protein aggregates 

to the autophagic machinery, facilitating their clearance (Bjorkoy et al., 2005). P62/SQSTM1/A170 is a 

broad negative regulator of cytokine expression that controls the inflammatory response (Kim and Ozato, 

2009). 
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The levels of all these hepatic antioxidant genes rised in a time-dependent manner after Cd 

exposure, with a significantly higher expression over the control group. Except Gpx1, with a maximum 

after 6d Cd-treatment, all genes kept rising until 10d exposure. Increases of 2–3 fold over control were 

found for these 6 genes. Most studies using RT-PCRare are semiquantitative (fold-change) and assume 

that reference genes are stably expressed, or that any possible changes are balanced. Such assumption 

biases the interpretation of results, and usually leads to overestimate the role of rare transcripts in the 

studied process. The absolute expression profiles reported in Figure 2 are not normalized and, thus, do not 

assume that a reference is steadily expressed. The relevance of data reported here is highlighted when 

comparing the increments in transcript molecules with the conventional fold variations. Thus, although a 

2.32-fold increase in Gpx1 transcripts might look similar to the 2.38-fold rise of Hmo1, the actual 

scenario is that Gpx1, highly abundant mRNA in liver, exhibited much higher increase in copy number 

(from ~500 molecules/pg in 6d-control mice to ~1100 molecules/pg in 6d-Cd treated mice) than Hmo1, 

low abundant mRNA, rising from ~1.4 molecules/pg in 6d-control mice to ~3.3 molecules/pg in 6d-Cd 

treated mice. 

Detoxification of Cd in hepatic cells depends mainly on the induction of metallothioneins (MT), 

small metal-binding proteins in which 25–30% of all amino acids are cysteine. Cd binds to the thiol 

groups of MT and is then released by hepatocytes and transported to the kidney in blood plasma. Cd and 

oxidative stress are particularly strong inducers of MT genes in liver, as reflected in the transcript levels 

of Mt1 shown in Fig.2. Compared to controls, the livers of Cd-exposed mice showed an impressive and 

time-dependent increase of Mt-1 mRNA molecules. We have previously reported that Cd exposure also 

induce MT expression at the protein level, by coupling HPLC with ICP-MS and ESI-MS which permitted 

us to identify Cd complexes with MT isoforms induced in Mus musculus (Jara-Biedma et al., 2013).  

Immune response  

Cadmium is an immunotoxic that causes disorders in the humoral and cellular immune responses 

(Afolabi et al., 2012). The first phase of hepatic damage starts by Cd binding to sulfhydryl groups of GSH 

and proteins, and a second phase is initiated by activation of Kupffer cells, which release 

proinflammatory cytokines and chemokines (Wu et al., 2012), although the molecular basis for Cd 

stimulated cytokine expression is unknown. Though Cd specifically induces the transcription of several 

classes of genes, including those involved in immunity and inflammation, the intermediate events 
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between Cd exposure and induction of cytokine gene expression are not fully defined and may involve 

numerous pathways (Marth et al., 2001). We found here that Cd caused a strong and sustained rise in the 

transcript levels of Pla2g1B gene reaching 100-fold after 10d treatment (Fig.2). The inflammatory events 

evoked by pancreatic phospholipase A2, the product of Pla2g1B, are thought to be primarily associated 

with the induction of IL-6 and TNFα from blood monocytes at the transcriptional level (Jo et al., 2004). 

Hence, Pla2g1B induction in liver by Cd might be one of the intermediate events resulting in the 

induction of cytokine gene expression. Cadmium can also interact with surface structures, inducing the 

synthesis of immunoglobulins (Igs) (Marth et al., 2001), key humoral components of acquired immunity. 

A >3-fold increase in the transcripts of Igh gene encoding the Ig heavy chains was observed in the liver of 

Cd-exposed mice after 10 days (Fig.2), in agreement with the increased IgG and IgM mRNAs described 

in Cd treated cells (Marth et al., 2001).  

DNA repair  

DNA damage in Cd-exposed mammalian cells derives from the induction of DNA lesions but 

also from inactivation of several DNA repair enzymes. BER (base excision repair), key to repair ROS-

induced oxidative DNA damage is affected by Cd exposure (Hegde et al., 2008). The mammalian AP-

endonuclease, APE1 plays a central role in the BER pathway repairing by DNA glycosylases the 

apurinic/apyrimidinic (AP) sites generated spontaneously or after excision of oxidized and alkylated 

bases. The 8-oxoguanine DNA glycosylase 1 (OGG1) repairs 8-oxo-7,8-dihydroguanine, the most 

frequently formed oxidative DNA base lesion (Hamann et al., 2012). Cadmium extensively decreses the 

OGG activity in cells and the AP-endonuclease activity from cell extracts or purified APE1 protein 

(Bravard et al., 2010). Some reports attributed OGG1 and APE1 decrease to diminished transcription of 

Ogg1 and Ape1 genes, but data are contradictory (Bravard et al., 2010; Hamann et al., 2012; Zhou et al., 

2013). Here we confirm that Cd caused a modest decrease in Ogg1 and Ape1 transcript molecules, and 

hence, translational modifications should be the cause of OGG1 and APE1 inhibition described by others 

(Bravard et al., 2010; Hamann et al., 2012; McNeill et al., 2004). 

Lipid metabolism  

Though intensively studied in aquatic organisms (i.e., (Fang and Miller, 2012; Lu et al., 2012; 

Wang and Gallagher, 2013)), there is limited information about the effect of Cd on lipid metabolism in 

mouse liver. Larregle (Larregle et al., 2008) reported that Cd exposure in rats increased the contents of 
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free fatty acids (FFA), triacylglycerols (TAG) and total cholesterol in liver. The high TAG level in Cd-

treated rats was attributed to an increased TAG synthesis. The amounts of mRNA (Fig 2) of two genes, 

Mogat1 (~8-fold increase) and Pla2g1B (~100-fold increase), suggest that also in the liver of our Cd-

treated mice might be higher FFA and TAG levels. 

Mogat1 codes for monoacylglycerol acyltransferase-1 active in one of two convergent pathways 

for TAG biosynthesis, and Mogat1 up-regulation has been described in mouse models of hepatic steatosis 

(Cortés et al., 2009; Kang et al., 2011), a major consequence of heavy metal exposure (Garcia-Sevillano 

et al., 2014c). The Pla2g1B induction by Cd (see above) might contribute to the elevate levels of FFA, 

since PLA2G1B releases fatty acids from dietary phospholipids. The increase in free cholesterol 

previously observed in the liver of Cd exposed rats (Afolabi et al., 2012; Larregle et al., 2008; Murugavel 

and Pari, 2007a) has been attributed to enhanced expression of cholesterogenic enzymes including 3-

hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and the repression of some cholesterol catabolic 

pathways. Data in Fig. 2 shown a clear induction at the transcriptional level of Hmgcr and Idi 

(isopentenyl-diphosphate delta isomerase 1), two enzymes involved in cholesterol biosynthesis. In fact, 

Hmgcr catalyzes the rate-limiting step in this biosynthetic pathway. The induction of Hmgcr might be 

consequence of Pla2g1B induction by Cd and the associated production of IL-6 and TNFα (Murugavel 

and Pari, 2007b). 

The transcriptional analysis reported here draws a global panorama in which Cd caused a strong 

oxidation of hepatic cells in mice that could not be avoided by the Cd-scavenging action of MT1. The 

oxidative situation generated affected the lipid metabolism and raised the inflammation response, each 

being both a cause and effect of the other. Lipids are the main component of cell membranes, and hence 

alteration of lipid metabolism by Cd might results in alterations in this complex structure. 

3.4 Proteomic analysis by DIGE 

For the transcriptional study referred above, we selected a group of genes according to the prior 

knowledge of alterations associated to Cd exposure. Thus, the subsequent results give a directed 

biological contextualization of their gene signature. An alternative and potentially complementary 

approach to address this problem is the use of proteomics to assess differences in protein expression 

profiles. Since the proteome is the protein complement to the genome, proteomic approaches should 
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greatly facilitate the characterization and identification of protein-related changes in mouse liver 

following Cd administration. 

2DE-DIGE analyses were performed in protein extracts from livers of male Mus musculus mice 

daily injected a fixed amount of 0.1 mg Cd/kg of body weight. The livers of mice in each experimental 

group (6- and 10-days of treatment) were pooled and their proteins extracted. A unique control pool was 

prepared by mixing equal amounts of homogenized liver from the two control groups. Combinations were 

made to compare in the same gel each problem pool with any other, labeled with Cy3 in some cases and 

with Cy5 in others, to correct the dye effect (dye-swapping). The Cy2 dye was used to label the internal 

standard, obtained by mixing an equal amount of all samples, allowing a significant quantitative 

comparison of proteomic variations. Six gels were run to achieve a statistically significant measure of the 

differences in protein expression between the control and the Cd-treated samples. A representative 2D-

DIGE gel is depicted in Online Supporting Information Fig. 1. Raw data are accessible from the authors 

upon request. 

The subsequent data analysis detected over 2700 protein spots on each CyDye-labeled gel, in the 

4–7 pH range and 14–70 kDa Mr. All protein spots were then quantified, normalized and inter-gel 

matched. No significant differences were found in mouse liver samples after 2d of Cd exposure, and 

hence, comparisons were focused on 6d and 10d treated samples. To test for significant differences in 

protein expression between problem and control samples, the data were filtered using the average volume 

ratios of ±1.5-fold differences and a t-test p value 0.02 and assigned to a spot of interest. Forty-eight 

spots satisfied these requirements and were excised from the gel for subsequent in-gel digestion and MS 

analysis for protein identification. Data were submitted to MASCOT database search resulting in the 

identification of 16 proteins (Table 1). Several proteins were found in different isoforms or with different 

post-translational modifications and then detected in multiple spots, including aldehyde dehydrogenase 

family 1 member L1 (ALDH1L1, spots 704 and 750) and fibrinogen gamma chain (FGG, spots 1484 and 

1500). Among proteins showing significant correlations with Cd concentrations in exposed mice, 5 

proteins (7 spots) were up-regulated and 9 down-regulated. The fold-change variation of these 16 spots 

after 10 consecutive days of Cd-exposure are indicated in Fig. 3.  

The identified proteins were submitted to a functional annotation analysis with the Ingenuity 

Pathway Analysis (IPA®, QIAGEN Redwood City) to unravel their primary role in cell metabolism. 
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They were grouped into three categories, involved in the stress response (7 proteins, 8 spots), the immune 

response (4 proteins, 5 spots) and energy homeostasis (3 proteins).  

Stress response  

Although we initially expected that most proteins deregulated by Cd treatment would have 

antioxidant functions, other types of stress response genes were predominant (Table 1 and Fig. 3). Most 

of these proteins have no obvious antioxidant function, except possibly ALDH1L1 (spots 704 and 750) 

and OAT (ornithine aminotransferase, spot 2597). ALDH1L1 is highly expressed in the liver under Nrf2 

control (Abdullah et al., 2012) that regulates the antioxidant response. It is involved in apoptosis 

(Hoeferlin et al., 2013) and in the detoxification of the intermediate-chain-length aldehydes, byproducts 

of lipid peroxidation (Yadav and Ramana, 2013). OAT, mainly found in the liver, is a pyridoxal-

phosphate dependent mitochondrial matrix aminotransferase involved in the metabolism of ornithine, 

shown to be up-regulated during ROS-related apoptosis (Lei et al., 2008). Both proteins were up-

regulated in the liver of Cd-treated M.musculus mice, corroborating the strong oxidative stress detected 

(Fig. 1) and suggested by the transcriptional data (Fig. 2). 

Three protein spots (1091, 1061 and 991), identified as heat shock proteins (GRP78, HSPA9 and 

TRAP1, respectively) had lower expression in the livers of Cd-treated mice. Cadmium induces the 

expression of Glucose-regulated protein 78 (GRP78) in certain cell types but not in hepatocytes (Liu et 

al., 2006). Fig. 3 show that GRP78 was down-regulated in the liver of 10d Cd-exposed mice. This 

molecular chaperone is a central regulator of the endoplasmic reticulum (ER) function due to its roles in 

protein folding. GRP78 induction is an important pro-survival component of the unfolded protein 

response (Li and Lee, 2006) but it is also a restraint to Nrf2 activation (Chang et al., 2012). Down-

regulating GRP78 in Cd-treated mice livers might activate the transcription of genes under Nrf2 control, 

encoding for phase II/III enzymes and the defense against oxidative stress (Chang et al., 2012). Similarly, 

HSP9 (Heat shock 70kDa protein 9/mortalin/ GRP75) and TRAP1 (tumor necrosis factor receptor 

associated protein 1) are mitochondrial heat shock cytoprotective proteins related to drug resistance and 

protection from apoptosis by buffering reactive oxygen species (ROS)-mediated oxidative stress. Their 

down-regulation in Cd-treated mice probably impaired mitochondrial functions but also enhanced the 

apoptosis and avoided mitotic defects and chromosome instability in Cd affected hepatic cells (Agorreta 
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et al., 2014; Ma et al., 2006), where DNA repair is compromised as indicated by the decrease in the 

transcript levels of Ogg1 and Ape1 genes (Fig.2). 

PDIA6 (spot 1499), also known as P5 or TXNDC7, is one of more than 20 protein disulfide 

isomerases (PDIs) in the eukaryotic ER. It is an active oxidoreductase with similar properties to other 

PDIs, yet it does not seem to be involved directly in protein folding (Eletto et al., 2014). By contrast, 

PDIA6, limits the duration of the unfolded protein response (UPR) and it has been reported that PDIA6-

deficient cells hyperrespond to ER stress, resulting in exaggerated up-regulation of UPR target genes and 

increased apoptosis (Eletto et al., 2014). All these results suggest that Cd exposure affects genes involved 

in cell division and particularly mechanisms that are responsible to cell cycle arrest. Our results could 

indicate that Cd exposure represses hepatocyte division. This hypothesis is further supported by the fact 

that Cd exposure was also associated with the down-regulation of the heterogeneous nuclear 

ribonucleoprotein K (hnRNPK, spot 1343), involved in cell signaling and gene expression, cooperating 

with p53 in transcriptional activation of cell-cycle arrest genes after DNA damage (Pelisch et al., 2012). 

The loss of hnRNPK in Cd-treated hepatic cells might deregulate genes involved in DNA repair, cell 

proliferation and apoptosis (Yang et al., 2013). Cadmium has been recently reported (Galano et al., 2014) 

to interfere with protein folding, leading to accumulation of misfolded proteins and ER stress by 

decreasing chaperone levels. 

Immune response 

Increasing evidence demonstrates that Cd induces inflammation (i.e., (Marth et al., 2001)), but 

its mechanisms remain obscure. Our study showed that Cd exposure was positively associated with the 

systemic inflammation marker fibrinogen, a soluble glycoprotein synthesized by hepatocytes composed 

by three distinct polypeptides called Aα, Bβ and γ. Fibrinogen is considered an acute-phase reactant and 

increased fibrinogen content in the blood is considered an indicator for a proinflammatory state (Davalos 

and Akassoglou, 2012). Three spots up-regulated by Cd in mouse liver were identified as FGB (spot 

1298) and FGG (spots 1484 and 1500). Alpha 1-antitrypsin (AAT) is the archetypal member of the serine 

proteinase inhibitor (SERPIN) gene family. AAT is an acute-phase reactant and the plasma concentration 

increases three- to four-fold during the inflammatory response. It has been reported that Cd lowers ATT 

content and depresses the trypsin inhibitory capacity, an effect not shared with any other divalent ions, 

Pb, Hg, Ni, Fe, and Zn. Other reports show that in mice Cd inhibits chymotrypsin activity in vivo 
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(Shimada et al., 2000). We found here a down-regulation of ATT isoform Serpin 1c (spot 1562) and 

chymotrypsinogen B (CTRB, spot 2248) in the liver of Cd-treated mice. Serine proteases inhibition has 

been described as an integral part of the apoptotic response (King et al., 2004) which agrees with down-

regulation of GRP78 and other heat shock proteins. These results would also sustain the pro-inflammatory 

situation evoked by the increased levels of Pla2g1B and Igh transcripts (Fig. 2), which probably results in 

the induction of cytokine gene expression and of the synthesis of immunoglobulins described for Cd (Jo 

et al., 2004; Marth et al., 2001). 

Energy metabolism 

Though the energy metabolism class is composed by only 3 proteins, they show great metabolic 

alterations in the liver of Cd-treated mice. Mitochondrial ATPase synthase b subunit (spot 1532) was 

down-regulated, suggesting a decreased ATP supply by oxidative phosphorylation during Cd exposure. 

Phosphoglucomutase (PGM1, spot 1216) that catalyze reversible reactions required for glycolysis and 

gluconeogenesis was up-regulated in the Cd-treated mice livers, probably to meet the enhanced energy 

demand caused by Cd and to compensate the decrease of oxidative phosphorylation. Finally, down-

regulation of ∆(3,5)-∆(2,4)-dienoyl-CoA isomerase (ECH), an auxiliary enzyme of unsaturated fatty acid 

β-oxidation might be related to the dysregulation of lipid metabolism described for Cd toxicity. 

3.5 Metabolomic analysis by mass spectrometry 

For a better understanding of metabolic disorders caused by Cd exposure, we carried out a 

metabolomic study in the livers of Cd-exposed mice, in parallel to the transcriptional and proteomic 

analysis. Considering the highly distinct and diverse features of information obtained at the levels of 

metabolite, mRNA and protein, the combination of these three approaches should provide a highly 

comprehensive view on the effects of Cd toxicity. 

A partial least squares discriminant analysis (PLS-DA) was performed to discriminate between 

the groups of mice differentially exposed to Cd, assessing the intensities of the signals in the polar and 

lipophilic extracts from mice plasma and liver, combining the positive and negative ionization mode of 

acquisition (Fig. 4). The models built with polar and lipophilic metabolites allow a good classification of 

samples in the different groups, which are shown by the respective scores plots. The Variable Influence 

on the Projection (VIP) parameter was used to identify the variables responsible for this separation. VIP 
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is a weighted sum of squares of the PLS-DA weight that indicates the importance of the variable to the 

whole model. Thus, it is possible to select variables with the most significant contribution in 

discriminating between metabonomic profiles corresponding to exposed groups against controls. Only 

metabolites with VIP > 1.5 have been considered good biomarkers of Cd exposure. The values of R
2
Y 

(cum) and Q
2
 (cum) of the combined model are 0.90-0.95 and 0.80-0.90, respectively, indicating that a 

combination of datasets between groups provides the best classification and prediction. The 

complementarity of using both ionization modes for polar and lipophilic metabolites is remarkable (see 

Table 2). In this sense, some metabolites are ionizable using positive and negative mode of acquisition, 

such as lysophosphatidylcholines, glucose and glutamate, and others are altered in both extracts, such as 

phosphatidylcholines (Table 2). As a complementary approach, GC-MS was applied also to confirm and 

quantify altered metabolites established by DIMS and others that are not possible to ionize by ESI. For 

this purpose, three derivatizing reagents were used for plasma samples to obtain as much metabolic 

information as possible. Metabolic profiles of mice plasma samples after 6d and 10d of Cd-exposure were 

obtained by GC-MS.  

Table 2 shows a Cd-induced metabolic deregulation, especially of lipids and glucose 

metabolism. The livers of Cd treated mice had increased levels of triglycerides (TGs), diglycerides (DGs), 

free fatty acids (10-18C of different unsaturation degree) and lyso-phosphatidylcholines (LPCs), and 

higher content of choline, phosphocholine, creatinine, glutamine and lactic acid. In contrast, Cd-exposure 

decreased the levels of glucose, taurine, glutamate, phenylalanine, creatine, citrate and 

phosphatidylcholines (PCs) in plasma/liver. Via GC-MS we assessed the plasma content of glucose, 

isoleucine, glutamate, α-ketoglutarate, phenylalanine, isocitrate and citrate and the increase of lactic acid, 

glutamine and cholesterol levels, to establish the statistical significance of the variation (Table 2). The 

metabolic changes observed during Cd exposure can be related to perturbations in different metabolic 

pathways, as follows: 

Carbohydrate metabolism 

The levels of energy metabolism intermediates, including glucose and three tricarboxylic acid 

(TCA) cycle members, citrate, isocitrate and α-ketoglutarate, decrease in mouse liver/plasma under Cd 

exposure (Table 2). TCA is a core pathway for sugar, lipid, and amino acid metabolism. Besides being 

responsible for production of reducing cofactors (NADH and CoQH2) which fuel the mitochondrial 
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electron transport chain (ETC) to generate ATP, TCA also provides precursors for biosynthesis of lipid, 

proteins and nucleic acids (Desideri et al., 2014). It was proposed that Cd exerts its toxic effect mainly 

blocking the ETC by impairing the electron flow through the cytochrome bc1 complex (Cannino et al., 

2009) (Adiele et al., 2012). Since TCA regulation depends primarily on NAD
+
 and ADP availability, ETC 

blocking would reduce the TCA activity and the concentration of its components. A second, non-

excluding, mechanism that can explain the lower levels of some TCA cycle components is the oxidation 

by Cd of aconitase, isocitrate dehydrogenase (IDH) and α-ketoglutarate dehydrogenase (α-KGDH) 

enzymes (Kil et al., 2006) (Tretter and Adam-Vizi, 2005), impairing the conversion of citrate in succinyl-

CoA; actually these enzymes are very sensitive to oxidative stress. Instead, citrate would be exported to 

the cytosol and cleaved by ATP-citrate lyase (ACLY) to acetyl-CoA and oxaloacetate. While acetyl-CoA 

is essential to sustain de novo FFA synthesis, oxaloacetate can fuel the Krebs cycle if glutamate is 

available and feeds the cycle via α-KG (Tretter and Adam-Vizi, 2005) and some generation of NAD(P)H 

in the Krebs cycle is maintained despite of aconitase being blocked. This segment of the Krebs cycle has 

been suggested to function in the absence of glucose, such as that we observed in Cd treated mice, and 

may also explain the low levels of citrate and glutamate (Table 2). It is known that mitochondrial 

respiratory dysfunction results in a switch from oxidative phosphorylation to aerobic glycolysis (the 

Warburg effect) (Fig. 5). Increased glycolysis confers growth advantages by diverting glucose to generate 

NADPH and acetyl-CoA and activates factors involved in fatty acid biosynthesis (Tong et al., 2011). 

Under this metabolic shift, most of the pyruvate generated from glucose (>90%) is converted to lactate by 

lactate dehydrogenase to recover the NAD
+
 needed to maintain glycolysis, produce ATP and assure cell 

survival (Desideri et al., 2014). Metabolites quantification (Table 2) suggested the onset of aerobic 

glycolysis in the liver and plasma of Cd-treated mice. Two other evidences from the proteomic study 

support this idea. First, the up-regulation of PGM1 (Fig. 3) to assure the provision of glucose to the 

glycolytic pathway. Second, the down-regulation of TRAP1 (Fig. 3) the mitochondrial chaperone that 

binds to and inhibits succinate dehydrogenase, may alleviate the inhibition of mitochondrial respiration 

and promote FA oxidation, TCA cycle intermediates, ATP and enhance cell survival. Large amount of 

evidence points towards this metabolic shift as being particularly important for highly proliferating cells, 

like tumor cells, which require a continuous supply of precursors for the synthesis of lipids, proteins and 

nucleic acids (Desideri et al., 2014). From our results, the drastic metabolic changes observed by 
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metabolomics and the extensive oxidative stress detected via functional genomics approaches could also 

be in the base of cadmium carcinogenicity. 

We realize that the changes we observed in the transcripts, proteins and metabolites levels in 

mice plasma/liver can be influenced by alterations caused by Cd in other tissues. Nephrotoxicity is one of 

the main adverse effects of cadmium exposure (Rani et al., 2014), and references herein). As a 

consequence, Cd resulted in inhibition of glucose uptake by kidney and glucosuria (Kothinti et al., 2010), 

and references herein), which may be in the origin of the hypoglycemia we detected in plasma by 

metabolomics (Table 2). Growing epidemiological studies have suggested a possible link between Cd 

exposure and diabetes as Cd induced oxidative stress causes suppression of insulin secretion and 

apoptosis in pancreatic islet -cell (Chang et al., 2013). However, our data showed that cadmium-induced 

hypoglycemia remains in plasm and indicate that the effects of cadmium on the metabolic routes 

described in the manuscript (genomics, proteomics and metabolomics findings) may be, at least in part, 

independent of the hormonal action. 

 Lipid metabolism 

Reprogramming of lipid metabolism, in particular fatty acid synthesis, is an important 

underlying feature of Cd toxicity. Coupled with changes in glycolysis and the TCA cycle is increased 

expression of genes encoding key enzymes in FA and cholesterol biosynthesis. Data in Table 2 show that 

Cd exposure resulted in significantly increased FFA, DGA, TGA and total cholesterol contents in 

liver/plasma. These results fully agree with those in Fig. 2 indicating that the increased mRNA levels of 

Mogat1 (~8-fold), Pla2g1B (~100-fold), Hmgcr (~3-fold) and Idi1 (~3-fold) paralleled an increase in the 

corresponding proteins and lead to lipid metabolism dysregulation. Data also corroborate and extend the 

knowledge of how Cd increase plasma TGA levels, by rising the hepatic synthesis of TAG and not only 

by decreased lipoprotein lipase activity that leads to an increase in the circulating triglyceride-rich VLDL 

(Larregle et al., 2008) (Afolabi et al., 2012). Notice that a lipogenic phenotype is considered as a new 

hallmark of many cancer cells (Dakubo, 2010). (Desideri et al., 2014). 

Membrane lipids are particularly sensitive to free radicals due to the presence of polyunsaturated 

fatty acids, which preferentially undergo lipid peroxidation. The increased levels of choline and 

phosphocholine detected in liver and plasma (Table 2) after Cd intake may be associated with Cd induced 
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disruption of cell membranes via peroxidation due to the increased oxidative stress. Phosphatidylcholines 

(PC) are also major components of biological membranes that incorporate choline as a headgroup, and 

have an important role in both proliferative growth and programmed cell death. As shown in Table 2, Cd 

diminished PC levels, what probably can be achieved by increasing the levels of PLA2G1B (see Fig. 2 

showing increased transcript levels for Pla2g1b gene) that liberate FA and lyso-PC from PC (Ridgway, 

2013). 

Amino acid metabolism 

Alterations of glucose and amino acid levels seem to be a common response to many toxins in 

several species. Glutamine is the most abundant naturally occurring amino acid in the body whose 

metabolism is accelerated during the glucose shift to provide substrates for increased lipogenesis and 

nucleic acid biosynthesis that are critical to the proliferative cell (Dakubo, 2010). Adaptive accelerated 

glutamine metabolism imposes an increased glutamine intake that is used mainly (66%) to generate 

lactate and alanine (Dakubo, 2010). Other metabolites increased under Cd exposure were the amino acids 

aspartate, valine, glycine and serine, all of them considered gluconeogenic. By contrast, the ketogenic 

amino acids isoleucine and phenylalanine, were decreased in the liver/plasma of Cd treated mice. 

Two small metabolites, taurine and creatine, were decreased in the liver/plasma of Cd-treated 

mice (Table 2). Taurine (2-aminoethanesulfonic acid), a derivative of cysteine, is the most abundant free 

amino acid in liver with an important antioxidant role (Manna et al., 2009), that might be linked to the 

oxidative stress promoted by Cd exposure. It is abundantly maintained in the liver by both endogenous 

biosynthesis and exogenous transport, but is decreased in liver diseases (Miyazaki and Matsuzaki, 2014). 

Creatine synthesis requires three amino acids: glycine, methionine and arginine. The decreased levels of 

creatine in Cd-treated mice livers may be originated by the perturbation of transmethylation caused by the 

increased choline levels (Table 2). Moreover, carnitine is readily degraded to creatinine to be exported to 

the urea cycle. Elevation of plasma creatinine concentrations (Table 2) might indicate renal damage. 
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4 Concluding remarks (200 words max.) 

Assessment of metal toxicity in mice requires multi-disciplinary tools to integrate many metabolic 

pathways and biological responses. "Omics" technologies are valuable since they provide massive 

information about biomolecules in cells and organisms under toxic metals effects. We confirm here that 

successful application of transcriptional analysis (RT-PCR) of a select group of genes, lipid peroxidation 

assays, proteomic methods (DIGE) and metabolomic workflow (DIMS and GC-MS) for overall 

evaluation of Cd-induced perturbations in liver and plasma is due to integration of different omics. Our 

integrated results show a critical effect of Cd on the oxidative status, the immune response, the energy 

metabolism and the lipid metabolism in the liver of Cd treated Mus musculus mice for up to 10 days 

exposure. Data suggest the occurrence of a metabolic switch from oxidative phosphorylation to aerobic 

glycolysis. This metabolic alteration is particularly important for highly proliferating cells, like tumor 

cells, which require a continuous supply of precursors for the synthesis of lipids, proteins and nucleic 

acids. Hence, the metabolic changes observed by metabolomics and the oxidative stress detected via 

transcriptional analysis and proteomic methods could also be in the base of Cd carcinogenicity. 
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Figure captions 

Figure 1. Lipid peroxidation levels in the liver of Cd treated Mus musculus mice compared to control 

mice. Values are mean ± SD values with 8 mice (3 pools) in each group. All measurements were made in 

triplicate. Statistical significances were determined with the Student’s t-test. Differences between Cd 

treated mice and the control group were statistically significant at a P value of ≤0.0001. 

Figure 2. Absolute quantification of transcript molecules in the liver of Cd treated Mus musculus mice 

compared with control mice. Samples were taken after 6 or 10 days of treatment. Values are mean ± SD 

values with 8 mice in each group. All measurements were made in quadruplicate. Comparisons were 

made by Student’s t-test. Statistical significance is expressed as: ***P < 0.001, **P < 0.01 and *P < 0.05.  

Figure 3.  Focal 2-DE gel images showing the differential expression of the 16 identified proteins. Spots 

with the highest or lowest volume in Cd treated liver mice are shown in (A) and (B), respectively. In (C) 

the fold changes in the spot volumes (in arbitrary units) corresponding to 10-days treated mice are given 

as mean ±SEM from the three gels/dose. 

Figure 4. Scores plots of PLS-DA for ESI+ and ESI– ionization modes of polar and lipophilic liver 

extracts and plasma. Blue diamonds: control mice; red diamonds: 6d Cd-exposed mice; black squares: 

10d Cd-exposed mice.  

Figure 5.  Proposed metabolism of glucose in Cd treated mice. Mitochondrial respiratory dysfunction 

after Cd exposure results in a switch from oxidative phosphorylation to anaerobic glycolysis (the 

Warburg effect) and glucose is converted into lactate. The electron transport chain slows down as 

mitochondrial membrane is depolarized by Cd (Yang, Chen et al. 2007). Some TCA enzymes are 

Cd/ROS inhibited and citrate is exported to the cytosol and cleaved to acetyl-CoA and oxaloacetate. 

Acetyl-CoA sustains de novo FFA synthesis and oxaloacetate fuels the Krebs cycle. A segment of the 

TCA cycle still works because glutamate feeds the cycle via α-KG.  
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Abstract  

Cadmium (Cd) is an environmental pollutant that accumulates in the organisms causing serious 

health problems. Over the past decades, “omics” studies have been conducted trying to elucidate changes 

in the genome, the transcriptome or the proteome after Cd exposure. Metabolomics is relatively new to 

the “omics” revolution, but has shown enormous potential for investigating biological systems or their 

perturbations. When metabolomic data are interpreted in combination with genomic, transcriptomic and 

proteomic results, in the co-called systems biology approach, a holistic knowledge of the 

organism/process under investigation can be achieved. In this work, transcriptional and proteomic 

analysis (functional genomics) were combined with metabolomic workflow to evaluate the biological 

responses caused in Mus musculus mice by Cd (subcutaneous injection for 10 consecutive days). Animals 

showed high Cd levels in liver and plasma, drastic lipid peroxidation in liver, increased transcription of 

hepatic genes involved in oxidative stress, metal transport, immune response and lipid metabolism and 

moderate decreases of DNA repair genes mRNAs. 2DE-DIGE proteomics confirmed changes of hepatic 

proteins related to stress and immune responses, or involved in energy metabolism, suggesting a 

metabolic switch in the liver from oxidative phosphorylation to aerobic glycolysis, that was confirmed by 

metabolomics analysis, via DIMS and GC-MS. This metabolic alteration is particularly important for 

highly proliferating cells, like tumor cells, which require a continuous supply of precursors for the 

synthesis of lipids, proteins and nucleic acids. The metabolic changes observed in mouse liver by 

metabolomics and the oxidative stress detected via functional genomics could be in the base of Cd 

hepatocarcinogenicity. 

 

 

Keywords: Biological response, qRT-PCR; absolute transcription profiles; 2DE-DIGE proteomics, 

metabolomics, Mus musculus, cadmium exposure, direct infusion mass spectrometry 
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1. Introduction 

Cadmium has become one of the most important environmental pollutants in the world due to its 

wide application in a variety of industrial processes. Cd accumulates mainly in the liver and kidney and 

both organs are critical targets for acute Cd toxicity (Goyer and Clarkson, 2001; Jihen el et al., 2010; 

Nordberg, 2009). Several reports indicate that Cd toxicity involves depletion of reduced glutathione 

(GSH), inhibition of antioxidant enzymes and of energy metabolism and enhanced production of reactive 

oxygen species (ROS) (Zhai et al., 2013). Thus, increased lipid peroxidation and oxidative DNA damage, 

inflammatory processes, apoptosis and necrosis have been described among the mechanisms of Cd-

induced liver injury (Afolabi et al., 2012; Asara et al., 2013; Brzoska and Rogalska, 2013; Brzoska et al., 

2011; Filipič, 2012; Jihen el et al., 2010; Jurczuk et al., 2003; Jurczuk et al., 2004; Koyu et al., 2006; 

Matovic et al., 2011; Moniuszko-Jakoniuk et al., 2005; Murugavel and Pari, 2007b; Rana, 2008; Rani et 

al., 2014; Satarug et al., 2010; Templeton and Liu, 2010). 

In recent years, the massive advances in the knowledge of genes and genomes (genomics) 

prompted the development of several novel "omics" very useful to reveal the biological responses of 

organisms to toxic metal exposure and to understand the toxicity mechanisms of contaminants (Garcia-

Sevillano et al., 2014b). Fundamental biological processes can now be studied by applying to one 

biological sample the full range of "omics" technologies (Morrison et al., 2006). Genomics applies 

methods of Molecular Biology and Bioinformatics to sequence, assemble and analyze the structure and 

function of genomes (the complete set of DNA within a single cell of an organism). In contrast, 

Functional Genomics deals with the analysis of gene expression (Transcriptomics) and the comprehensive 

analysis of proteins/metalloproteins (Proteomics/Metalloproteomics) (Gonzalez-Fernandez et al., 2008). 

More recently, Metabolomics, the complete study of metabolites involved in different metabolic 

processes, has become an emerging field in analytical biochemistry and can be regarded as the end point 

of "omics" cascade (Dettmer and Hammock, 2004). Furthermore, since changes in the metabolome are 

the ultimate response of an organism to genetic alterations or environmental influences, the metabolome 

is most predictive of phenotype (Fiehn, 2002; Weckwerth, 2010). Thus, the comprehensive and 

quantitative study of transcripts, proteins and metabolites is an attractive tool for either diagnosing 

pathology or studying the effects of toxicants on phenotype in the organism under investigation.  
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Although Cd has been related with several pathologies, the mechanisms underlying Cd toxicity 

are not yet fully elucidated. We have used here a combination of transcriptomics, proteomics and 

metabolomics methodologies to obtain a holistic view of the molecular pathways altered by Cd exposure 

over 10 consecutive days aimed to determine the biochemical consequences for mice. Effects in the 

hepatic transcriptional profile were measured by absolute quantitative reverse transcription-polymerase 

chain reaction (qRT-PCR) analysis, combined to 2-DE difference gel electrophoresis (DIGE) to evaluate 

the perturbations in the liver proteome. These results were complemented with metabolomics data 

obtained by applying the metabolomic workflow based in the use of molecular mass spectrometry to liver 

and plasma of Mus musculus mice. 
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2 Materials and methods 

2.1 Animal handling 

Mus musculus (inbred BALB/c strain) mice were obtained from Charles River Laboratory 

(Spain). A total of 32 male mice of 7 weeks were allowed to acclimate for 5 days with free access to food 

and water under controlled conditions (25-30ºC, 12 h light-dark photoperiod) prior to the exposure. For 

the experiment, mice were distributed into four groups, two being exposed to Cd(II) (as CdCl2) by 

subcutaneous injection (100 µl) of a solution of 0.1 mg Cd per kg of body weight per day and the other 

two groups used as control and injected with 100 µL of 0.9% NaCl in ultrapure water. A control and a 

Cd-treated group of mice were sacrificed at the 6
th

 day of the experience and the other two groups at the 

10
th

 day. After being individually anesthetized by isoflurane inhalation, mice were sacrificed by cervical 

dislocation and exsanguinated by cardiac puncture, dissected using a ceramic scalpel and their organs 

transferred rapidly to dry ice. Individual organs were weighted in Eppendorf vials, rinsed in 0.9% NaCl 

solution, frozen in liquid nitrogen and stored at -80 ºC. Individual livers were ground by cryogenic 

homogenization. Three pools were prepared per experimental condition (control or Cd-treated groups, 

after 6d and 10d) by mixing equal amounts of homogenized hepatic tissue or plasma from 2-3 mice per 

pool; each pool represented a biological replicate. The experimental design is pictured in Online 

Supporting Information Figure 1.  Mice were handled according to the norms stipulated by the European 

Community. The investigation was approved by the Ethics Committees of Córdoba and Huelva 

Universities (Spain). 

2.2 Determination of cadmium concentration in liver and plasma 

A SPEX SamplePrep cryogenic homogenizer (Freezer/Mills 6770) was used for solid tissue 

disruption. Cd concentration was determined in mouse liver and plasma after 6 and 10 days of treatment. 

Samples (0.100 g) were exactly weighed in 5-ml PTFE microwave vessels and mixed with 500µL of a 

HNO3/H2O2 mixture (4:1 v/v) (Ultra Trace analytical grade, Fisher Scientific, Leicestershire, UK). After 

10 min, the vessels were closed and introduced into a MARS microwave oven (CEM Matthews, NC, 

USA). The mineralization was carried out at 400 W, starting at room temperature, ramping to 160ºC in 15 

min, and holding for 20 min at 160ºC. Then the solutions were made up to 2 g with ultrapure water and 

trace metals were analyzed with an Agilent 7500ce inductively coupled plasma mass spectrometer 
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(Agilent Technologies, Tokyo, Japan) equipped with an octopole collision/reaction cell. The element Rh 

was added as internal standard (1µg /l). All analyses were made using three replicates and previously 

published operating conditions (Garcia-Sevillano et al., 2012). 

2.3 Measurement of lipid peroxidation in liver 

Lipid peroxidation was measured as thiobarbituric acid reactive substances (TBARS). Three 

pools were prepared per each experimental condition (Cd-treated and control groups, after 6d and 10d) by 

mixing equal amounts of homogenized hepatic tissue or plasma of 2-3 mice per pool; each pool 

represented biological replicates. Of each sample, 100 mg were disrupted in 300 µL of 10 mM Tris-HCl, 

pH 7.5, containing 1 mM EDTA, 1 mM GSH and 1 mM PMSF and the lipid peroxides in the homogenate 

were determined by the Buege and Aust (1978) method with some modifications. Briefly, 2-10 µL of 

lysates were mixed with 125 µL of 0.5% (w/v) butylated hydroxytoluene in methanol, 50 µL of 0.66 N 

H2SO4 and 37.5 µL of 0.4 M Na2WO4, and the total volume was adjusted to 1 mL with water. Samples 

were vortexed and centrifugated (5000 g, 5 min, at room T) and the supernatant mixed with 250 µL of 1% 

thiobarbituric acid (w/v in NaOH 0.1M). Mixtures were heated at 95 ºC for 1 hour, cooled to room T in 

an ice bath, and their fluorescence was determined (Ex/Em 515/550 nm, 15 nm slit width) in a LS 50B 

fluorescence spectrometer (Perkin Elmer). The TBARS concentrations in each sample were determined 

from a standard curve generated from 1,1,3,3-tetraethoxypropane and expressed as nmol of MDA formed 

per 100 mg of tissue. All determinations were carried out in triplicate. 

2.4 Absolute quantification of mRNA levels by qRT-PCR 

Primer design. Primers directed against mouse Sod1, MT1 and A170 genes were designed with the Oligo 

7.58 software (Molecular Biology Insights) with identical characteristics (Pueyo et al., 2002) to other 

primers used in this work and previously described (Abril et al., 2014; Fuentes-Almagro et al., 2012; 

Jurado et al., 2007; Prieto-Alamo et al., 2003). All primers are given in Online Supporting Information 

Table 1. 

RNA sample preparation. Total RNA from individual livers was isolated with the RNeasy Mini Kit 

(Qiagen) and the resulting RNA was further treated with DNase I (QIAGEN RNase-Free DNase Set) to 

remove residual DNA. The samples were then cleaned up with the same RNeasy Mini Kit, using the RNA 
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Clean Up protocol and denatured by heating at 65ºC for 10 min. RNA integrity was determined by 

microcapillary electrophoresis with the Agilent 2100 Bioanalyzer, and RNA concentrations were 

accurately measured using the Hellma TrayCell system (Hellma Analytics). Genomic DNA 

contamination was tested by PCR amplifications of RNA samples without prior cDNA synthesis. Three 

pools per experimental condition (Cd-treated and control groups after 6 and 10d) were prepared by 

mixing equal amounts of total RNA of 2-3 mice and used for cDNA synthesis. 

qRT-PCR. The absolute quantification of mRNA levels was carried out as described (Jurado et al., 2007). 

cDNA was generated from 2 μg of pooled RNA and real-time PCR reactions were performed in 

quadruplicate with 50 ng/well of cDNA. An absolute calibration curve was constructed with 10
2
 to 10

9
 

molecules per well of an in vitro synthesized RNA (Jurado et al., 2007; Prieto-Alamo et al., 2003). The 

number of transcript molecules was calculated from the linear regression of the calibration curve (Jurado 

et al., 2007; Prieto-Alamo et al., 2003). The reliability of an absolute quantification depends on identical 

amplification efficiencies for both the target and the calibrator. Our primers were designed to amplify all 

amplicons with optimal (∼100%) efficiencies and high linearity (r > 0.99) in the range of 20 to 2×10
5
 pg 

of total RNA input. 

2.5 DIGE experiment 

Protein extraction. One pool was prepared per each of the two Cd-exposed groups (6 and 10d) by mixing 

equal amounts of ground liver from the 8 mice included in each group; equal amounts of liver from all 

control mice were pooled in one unique control (Online Supporting Information Figure 1). From each 

tissue pool (control, 6d- and 10d-Cd exposed) 100 mg were disrupted in 300 µL of extraction buffer (20 

mM Tris-HCl, pH 7.6, containing 0.5 M sucrose, 0.15M KCl, 20 mM DTT, 1 mM PMSF, 6 µM leupeptin 

and P2714 Sigma Protease Inhibitor after manufacturer´s instructions). Cell debris was cleared by 

centrifugation (14000 g, 10 min, 4ºC) and the supernatants were treated with benzonase (500 U/ml) and 

ultracentrifuged (105000 g, 60 min). These extracts were precipitated by using a 2D-Clean-up kit (GE-

Healthcare) after manufacturer’s instructions, resuspended in 8 M urea containing 30 mM Tris-HCl and 

4% w/v CHAPS and adjusted to pH 8.5. Protein concentration was determined using 2D-Quant Kit (GE 

Healthcare). 
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Fluorescent labelling of proteins and 2-DE electrophoresis. Protein samples were labeled using Cy3 and 

Cy5 dyes (CyDye™ DIGE Fluor minimal, GE Healthcare) after manufacturer’s instructions. All samples 

in the experiment were mixed, labeled with Cy2 dye for use as internal standard (IS) for normalization. 

Equal amounts (50 g) of one Cy3 and one Cy5 labeled samples from different experimental conditions 

and the Cy2-labeled IS were combined and separated on a single 2DE gel (Cy dyes were swapped to 

compensate for dye differences). Total volume was adjusted to 50 µL, mixed 1:1 with isoelectrofocusing 

(IEF) rehydration buffer (8 M urea, 4% w/v CHAPS, 130 mM DTT, 2% w/v IPG buffer pH 3-10) and 

incubated for 30 min to obtain complete denaturation of proteins. All steps were carried out at 4ºC. 

Immobilized pH gradient (IPG) strips (pH 4–7, 24 cm) (GE Healthcare) were rehydrated 

overnight at 20ºC with 390 µl of DeStreack rehydration solution (GE Healthcare) containing 2% w/v of 

IPG buffer pH 4-7. Then, denatured proteins were cup-loaded in the IPG strips at approximately 1 cm 

from the cathode. After 6 h active (50 V) rehydration, IEF was carried out (20°C, 50 µA/strip) in a 

Protean IEF apparatus (Bio-Rad) at 500, 1000, 2000, 4000, 6000 and 8000 V (each 90 min) and 8000 V 

(until reaching 57 000 Vh). The strips were then soaked 20 min in equilibration mix (50 mM Tris–HCl, 

pH 8.8, 6 M urea, 30% w/v glycerol, 2% w/v SDS, and bromophenol blue traces) containing 65 mM 

DTT, drained and again soaked 20 min in this mix containing 0.35 M iodoacetamide. For the second 

dimension, DryStrips were loaded on top of 12.5% w/v SDS-PAGE gels and separated at 20 °C in a 

BioRad Protean Plus Dodeca Cell at 2.5 W per gel (10 min) and 3 Wper gel (approx.12 h).  

The separated proteins labeled with Cy3, Cy5 and Cy2 dyes were detected in gels using a 

Typhoon scanner (GE Healthcare). The Cy3- and Cy5-labeled proteins migrating to each 2D spot were 

quantified based on the corresponding fluorescence intensities and their molar ratios were calculated 

using the DeCyder 6.5 software (GE Healthcare). Each set of three images from a single gel was first 

processed using the Differential In-gel Analysis module for automatic spot detection, spot volume 

quantification and volume ratio normalization of the different samples loaded in the same gel. Then, the 

Biological Variation Analysis module was used to automatically match the spots among different gels and 

to identify those showing statistically significant differences between the samples. Statistical analysis 

(ANOVA) was performed on all spots that exhibited ≥ ±1.5-fold change (p0.02) in protein content. 

2.5 In gel digestion and mass spectrometry (MS) analysis 
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A total of 48 spots corresponding to differentially expressed proteins were selected for 

identification. Preparative gels were loaded with 300 µg of the IS sample to facilitate matching; protein 

separation was obtained in the same conditions described above for the DIGE gels. After 2-DE, proteins 

were stained with Sypro Ruby® (BioRad) according to the manufacturer’s instructions, and the selected 

spots were excised using an Investigator™ProPic station (Genomic Solutions). Spots were destained, 

dehydrated, and dried. Proteolytic digestion was carried out with 20 µl trypsin (12.5 ng/µl trypsin in 25 

mM ammonium bicarbonate) at 25ºC for 10 min followed by 3 x 5 min treatment in a microwave oven 

(200W). The digestion was stopped by adding 10 ml of 0.5% v/v trifluoroacetic acid (TFA). The resulting 

peptides were purified in a Pro PrepII station (Genomic Solutions) with a C18 microcolumn (ZipTip, 

Millipore), eluting with matrix solution (5 mg/ml alpha-Cyano-4-hydroxycinnamic acid in 70% 

acetonitrile and 0.1% TFA). Samples were directly spotted onto an Opti-TOF® MALDI plate (AB 

SCIEX) using the Investigator™ ProMS apparatus (Genomic Solutions) and analyzed using an AB 

SCIEX 4800 MALDI TOF/TOF apparatus, operated in the positive reflection delayed extraction mode. 

Spectra were internally calibrated using the m/z ratios of the peptides derived from auto-digestion of 

porcine trypsin (MH 842.509, MH 2211.104). The m/z was measured to a precision of 720 ppm. The 

MS/MS fragmentation spectra of the most intense 12 m/z fragments were found for each sample. The 

spectra obtained in the MALDI TOF/TOF analysis, with a signal/noise threshold ≥10, were adjusted to a 

baseline, deisotoped, and the values of the mono-isotope ions of each peptide were detected. 

Molecular masses of the tryptic peptide profiles were used to search in the IPI_Mouse database 

(http://www.ebi.ac.uk/IPI/IPIhelp.html) with GPS Explorer software v2.0 (Applied Biosystems) and 

automated database search, using the Mascot Search Engine (Matrix Science). Their masses were 

compared to the theoretical peptide masses of all available proteins and predicted proteins from DNA 

sequences. Unmatched peptides were not considered in the analysis. All peptide fragments obtained for 

each digest were submitted to a search made by combining Peptide Mass Fingerprinting (PMF) and the 

results from MS/MS fragmentations. Search parameters for the program were as follows: maximum 

allowed error of peptide mass 100 ppm; cysteine as S-carbamidomethyl-derivative, oxidation of 

methionine, formation of pyroglutamic acid, and acetylation of the N-terminal extreme allowed. 

2.6 Metabolomic workflow 

2.6.1 Sample preparation for metabolomics study by mass spectrometry.  
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All solvents used in sample preparation for the metabolomic study of liver and plasma were of 

optima LC/MS grade. Methanol, acetonitrile and chloroform were from Fisher Scientific (Leicestershire, 

UK), while ammonium acetate and formic acid were from Sigma-Aldrich (Steinheim, Germany). Sample 

preparation of individual livers for metabolomic analysis based on direct infusion to mass spectrometry 

(DIMS) was carried out in two-steps. 1) Polar metabolites were extracted by adding 200 µL of a 

methanol/acetonitrile mixture (2:1, v/v) to 50 mg tissue in an Eppendorf tube followed by vigorous vortex 

shaking for 5 min. Then, the cells were disrupted using a pellet mixer (2 min) at 4ºC, and the sample was 

centrifuged for 10 min at 4000 g and 4°C. The supernatant was carefully collected and transferred to 

another Eppendorf tube. The pellet was re-homogenized as above with 100 µL of methanol/acetonitrile 

mixture (2:1, v/v), centrifuged as described above and the pellet was kept for further treatment. Both 

supernatants were combined and stored to -80ºC for analysis. 2) Lipophilic metabolites were extracted 

from the pellet with 200 µL of a chloroform/methanol mixture (2:1, v/v), using a pellet mixer (2 min), 

and centrifuged at the same conditions described above. The resulting supernatant was stored to -80ºC for 

analysis.  

For DI-ESI(±)-QTOF-MS of blood plasma samples, proteins were removed by adding 400 µL of 

a methanol/acetonitrile mixture (2:1, v/v) to 100 µL plasma in an Eppendorf tube followed by vigorous 

vortex shaking for 5 min at room T and centrifugation for 10 min at 4000 g and 4 °C. The supernatant 

was carefully collected avoiding the precipitated proteins, transferred to another Eppendorf tube and the 

resulting supernatant was taken to dryness under N2 stream for storage at -80ºC until analysis. To extract 

lipophilic metabolites, the pellet was homogenized with 200 µL of a chloroform/methanol mixture (2:1, 

v/v), using a pellet mixer (2 min), and centrifuged for 10 min at 10000 g and 4 °C. The resulting 

supernatant was taken to dryness under N2 stream and stored at -80ºC for analysis. The polar extracts 

were reconstituted to 100 µL of a methanol/acetonitrile mixture (2:1, v/v) and the lipophilic extracts were 

reconstituted to 100 µL of a chloroform/methanol mixture (2:1, v/v) before the analysis by ESI-MS.  

For data acquisitions from positive ionization, 0.1 % (v/v) formic acid was added to polar extract and 50 

mM of ammonium acetate to lipophilic extract. In the case of negative ionization intact extracts were 

directly infused to the mass spectrometer. 

2.6.2 Analysis of sample extracts by direct infusion-mass spectrometry 

Metabolomic experiments of liver and plasma extracts from Cd-exposed mice were performed 

by DIMS in a QSTAR XL Hybrid system mass spectrometer (Applied Biosystems, Foster City, CA, 
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USA) using an electrospray ionization source (ESI). The parameters for triple quadrupole-time of flight 

(QqQ-TOF) analyzer were optimized to obtain the higher sensitivity with minimal fragmentation of 

molecular ions, both in positive and negative ion modes. To acquire MS/MS spectra, N2 was used as 

collision gas. Gas chromatography-mass spectrometry (GC-MS) analysis was also applied to mice 

plasma, as previously described (Garcia-Sevillano et al., 2013). Derivatizing agents, methoxylamine 

hydrochloride and N-methyl-N-(trimethylsilyl) trifluoroacetamide containing 1% trimethylchlorosilane, 

were obtained from Sigma-Aldrich. 

2.6.3 Analysis of samples by gas chromatography-mass spectrometry 

Sample preparation for GC-MS analysis was carried out as a previously published (Garcia-

Sevillano et al., 2014a). Separation was performed in a Trace GC ULTRA gas chromatograph coupled to 

a ITQ900 ion trap mass spectrometer detector, both from Thermo Fisher Scientific, using a Factor Four 

capillary column VF-5MS 30m×0.25mm ID, with 0.25 µm of film thickness (Varian).  

The injector temperature was kept at 280ºC, and He was used as carrier gas at 1 mL/min constant 

flow rate. For optimal separation, column T was initially maintained at 60ºC for 10 min, and then 

increased from 60 to 140ºC at a rate of 7 ºC/min and held for 4 min. Then, column T was increased to 180 

ºC at 5º C/min and maintained for 6 min. Finally, the T was increased to 320ºC at 5 ºC/min, and held for 2 

min. For MS detection, ionization was carried out by electronic impact (EI) with 70 eV voltage, using full 

scan mode in the m/z range 35–650, with an ion source T of 200ºC. For the analysis, 1 µl of sample was 

injected in splitless mode. The identification of endogenous metabolites was based on comparison with 

the corresponding standards according to their retention times and mass spectra characteristics; 

complementarily, search on NIST Mass Spectral Library (NIST 02) was used. 

2.6.4 Data analysis 

Markerview™ software (Applied Biosystems) was used to filter the MS results. Statistical data 

analysis (partial least squares discriminant analysis, PLS-DA) were performed by the SIMCA-P™ 

statistical software package (v 11.5, UMetrics AB, Umeå, Sweden). PLS-DA is a partial least squares 

regression of a set Y of binary variables describing the categories of a categorical variable on a set X of 

predictor variables. It is a compromise between the usual discriminant analysis and a discriminant 

analysis on the significant principal components of the predictor variables (Perez-Enciso and Tenenhaus, 

2003). Data were processed to find differences between mice groups submitted to different exposure time, 

and to trace the metabolites altered by Cd for later identification by their molecular mass and fragments in 
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MS/MS experiments. In addition, altered metabolites were characterized using different DIMS-based 

metabolomics databases, such as Human Metabolome Database (http://www.hmdb.ca), METLIN 

(http://metlin.scripps.edu) and Mass Bank (http://www.massbank.jp). In GC-MS analysis, metabolite 

identification was performed using the NIST Mass Spectral Library (NIST 02). 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



13 

 

3 Results and discussion 

3.1 Determination of cadmium in liver and plasma 

The analysis of Cd concentrations in tissue samples revealed a dose-related increase in Cd levels. 

Male Mus musculus mice were daily injected subcutaneously with 0.1 mg Cd per kg of body weight 

during a total period of 10 days. Data in Online Supporting Information Table 2 shows that Cd 

accumulation was a gradual process in liver and resulted in >50-fold higher Cd level in the liver of 10d-

treated mice compared to the control group, with a >20-fold rise in Cd concentration after 6 days. In 

plasma a cumulative Cd concentration was found in treated mice, raising from a >12-fold after 6d to >16-

fold after 10d, compared to the control group. 

3.2 Measurement of lipid peroxidation in liver 

Cadmium does not generate free radicals directly, but has been proposed to replace Fe and Cu in 

various cytoplasmic and membrane proteins. Hence, Cd accumulation in tissues increases the amount of 

free or chelated Cu and Fe ions participating in oxidative stress via Fenton reactions (Valko et al., 2005). 

The so generated reactive oxygen species (ROS) cause lipid peroxidation, protein oxidation and DNA 

damage to the cellular constituents (Fang et al., 2010). 

Fig. 1 shows that Cd treatment induced in mice a strong and statistically significant increase of the 

hepatic MDA levels, a subproduct of lipid peroxidation, according to previous reports (Valko et al., 

2005). This MDA increase parallels Cd accumulation in liver and both parameters correlated positively 

(78.5%) indicating that, irrespectively of the mechanism, Cd caused an intense oxidative stress in the 

hepatic tissue. 

3.3 Transcriptional profile in mouse following cadmium exposure 

Both Cd and ROS influence signal transduction processes via the modulation of transcription 

factors which lead to the transcriptional activation of different genes (Habeebu et al., 2000; Jara-Biedma 

et al., 2013). Exposure to Cd triggers a cellular antioxidant response via transcriptional regulators, such as 

the nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Classical Nrf2 target genes are involved in 

antioxidant defense, including glutathione S-transferases, subunits of glutamate–cysteine ligase, heme 
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oxygenase, glutathione peroxidases, peroxiredoxins, and metallothioneins (MT) among others (Kensler et 

al., 2007; Wu et al., 2012). 

Here we have examined in mouse liver the transcriptional responses to Cd exposure, focusing on 

14 genes involved in oxidative stress response, metal transport, DNA repair, heat shock response, lipid 

metabolism and immune response. We worked with three mini-pools prepared by mixing equal amounts 

of total RNA of 2-3 mice per experimental condition (control and Cd-treated after 6 and 10 days). Since 

many factors, including animal sacrifice, may contribute to interindividual variability in gene expression, 

even working with genetically identical mice, we first quantitated by real-time PCR the transcript 

molecules of three genes, A170, Mogat1 and Gpx1 in liver samples of each mouse (8) included in the 6d-

control group (Online Supporting Information Table 3). Replicate reactions generated highly reproducible 

results with SDs  <10% of the mean values (<1% of threshold cycle data). Interindividual variations was 

in the same range, demonstrating that the studied genes have a stable expression in these samples. From 

these results, we assumed that the study would not be exposed to misinterpretation by using sample pools. 

The real-time PCR analysis allowed to accurately assessing the basal expression levels of a 

selected set of genes in the mice livers, summarized in Figure 2. Genes from low (< 1 mRNA copy/pg of 

total RNA in the case of Mogat1) to high basal expression levels (> 10
3
 mRNA copies/pg of total RNA in 

the case of Gpx1) were determined in a highly quantitative manner. Cd exposure altered the transcript 

levels of each of the 14 studied genes, chosen as representatives of different stress response pathways, as 

indicated below.  

Stress response  

The first set of genes code for the main members of the antioxidant network. SODs dismutate 

superoxide into O2 and H2O2, subsequently detoxified to H2O by catalase (CAT) or by members of the 

glutathione peroxidase (GPX) or peroxiredoxin (PRDX) families (Han et al., 2008). Heme oxygenase 1 

(HMO1) disrupts heme, a potent prooxidant and proinflammatory agent, and generates biologically active 

products such as CO with an important antiinflammatory effect (Jozkowicz et al., 2007). A170, mouse 

counterpart of the human sequestosome 1 (SQSTM1) or p62, links polyubiquitinated protein aggregates 

to the autophagic machinery, facilitating their clearance (Bjorkoy et al., 2005). P62/SQSTM1/A170 is a 

broad negative regulator of cytokine expression that controls the inflammatory response (Kim and Ozato, 

2009). 
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The levels of all these hepatic antioxidant genes rised in a time-dependent manner after Cd 

exposure, with a significantly higher expression over the control group. Except Gpx1, with a maximum 

after 6d Cd-treatment, all genes kept rising until 10d exposure. Increases of 2–3 fold over control were 

found for these 6 genes. Most studies using RT-PCRare are semiquantitative (fold-change) and assume 

that reference genes are stably expressed, or that any possible changes are balanced. Such assumption 

biases the interpretation of results, and usually leads to overestimate the role of rare transcripts in the 

studied process. The absolute expression profiles reported in Figure 2 are not normalized and, thus, do not 

assume that a reference is steadily expressed. The relevance of data reported here is highlighted when 

comparing the increments in transcript molecules with the conventional fold variations. Thus, although a 

2.32-fold increase in Gpx1 transcripts might look similar to the 2.38-fold rise of Hmo1, the actual 

scenario is that Gpx1, highly abundant mRNA in liver, exhibited much higher increase in copy number 

(from ~500 molecules/pg in 6d-control mice to ~1100 molecules/pg in 6d-Cd treated mice) than Hmo1, 

low abundant mRNA, rising from ~1.4 molecules/pg in 6d-control mice to ~3.3 molecules/pg in 6d-Cd 

treated mice. 

Detoxification of Cd in hepatic cells depends mainly on the induction of metallothioneins (MT), 

small metal-binding proteins in which 25–30% of all amino acids are cysteine. Cd binds to the thiol 

groups of MT and is then released by hepatocytes and transported to the kidney in blood plasma. Cd and 

oxidative stress are particularly strong inducers of MT genes in liver, as reflected in the transcript levels 

of Mt1 shown in Fig.2. Compared to controls, the livers of Cd-exposed mice showed an impressive and 

time-dependent increase of Mt-1 mRNA molecules. We have previously reported that Cd exposure also 

induce MT expression at the protein level, by coupling HPLC with ICP-MS and ESI-MS which permitted 

us to identify Cd complexes with MT isoforms induced in Mus musculus (Jara-Biedma et al., 2013).  

Immune response  

Cadmium is an immunotoxic that causes disorders in the humoral and cellular immune responses 

(Afolabi et al., 2012). The first phase of hepatic damage starts by Cd binding to sulfhydryl groups of GSH 

and proteins, and a second phase is initiated by activation of Kupffer cells, which release 

proinflammatory cytokines and chemokines (Wu et al., 2012), although the molecular basis for Cd 

stimulated cytokine expression is unknown. Though Cd specifically induces the transcription of several 

classes of genes, including those involved in immunity and inflammation, the intermediate events 
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between Cd exposure and induction of cytokine gene expression are not fully defined and may involve 

numerous pathways (Marth et al., 2001). We found here that Cd caused a strong and sustained rise in the 

transcript levels of Pla2g1B gene reaching 100-fold after 10d treatment (Fig.2). The inflammatory events 

evoked by pancreatic phospholipase A2, the product of Pla2g1B, are thought to be primarily associated 

with the induction of IL-6 and TNFα from blood monocytes at the transcriptional level (Jo et al., 2004). 

Hence, Pla2g1B induction in liver by Cd might be one of the intermediate events resulting in the 

induction of cytokine gene expression. Cadmium can also interact with surface structures, inducing the 

synthesis of immunoglobulins (Igs) (Marth et al., 2001), key humoral components of acquired immunity. 

A >3-fold increase in the transcripts of Igh gene encoding the Ig heavy chains was observed in the liver of 

Cd-exposed mice after 10 days (Fig.2), in agreement with the increased IgG and IgM mRNAs described 

in Cd treated cells (Marth et al., 2001).  

DNA repair  

DNA damage in Cd-exposed mammalian cells derives from the induction of DNA lesions but 

also from inactivation of several DNA repair enzymes. BER (base excision repair), key to repair ROS-

induced oxidative DNA damage is affected by Cd exposure (Hegde et al., 2008). The mammalian AP-

endonuclease, APE1 plays a central role in the BER pathway repairing by DNA glycosylases the 

apurinic/apyrimidinic (AP) sites generated spontaneously or after excision of oxidized and alkylated 

bases. The 8-oxoguanine DNA glycosylase 1 (OGG1) repairs 8-oxo-7,8-dihydroguanine, the most 

frequently formed oxidative DNA base lesion (Hamann et al., 2012). Cadmium extensively decreses the 

OGG activity in cells and the AP-endonuclease activity from cell extracts or purified APE1 protein 

(Bravard et al., 2010). Some reports attributed OGG1 and APE1 decrease to diminished transcription of 

Ogg1 and Ape1 genes, but data are contradictory (Bravard et al., 2010; Hamann et al., 2012; Zhou et al., 

2013). Here we confirm that Cd caused a modest decrease in Ogg1 and Ape1 transcript molecules, and 

hence, translational modifications should be the cause of OGG1 and APE1 inhibition described by others 

(Bravard et al., 2010; Hamann et al., 2012; McNeill et al., 2004). 

Lipid metabolism  

Though intensively studied in aquatic organisms (i.e., (Fang and Miller, 2012; Lu et al., 2012; 

Wang and Gallagher, 2013)), there is limited information about the effect of Cd on lipid metabolism in 

mouse liver. Larregle (Larregle et al., 2008) reported that Cd exposure in rats increased the contents of 
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free fatty acids (FFA), triacylglycerols (TAG) and total cholesterol in liver. The high TAG level in Cd-

treated rats was attributed to an increased TAG synthesis. The amounts of mRNA (Fig 2) of two genes, 

Mogat1 (~8-fold increase) and Pla2g1B (~100-fold increase), suggest that also in the liver of our Cd-

treated mice might be higher FFA and TAG levels. 

Mogat1 codes for monoacylglycerol acyltransferase-1 active in one of two convergent pathways 

for TAG biosynthesis, and Mogat1 up-regulation has been described in mouse models of hepatic steatosis 

(Cortés et al., 2009; Kang et al., 2011), a major consequence of heavy metal exposure (Garcia-Sevillano 

et al., 2014c). The Pla2g1B induction by Cd (see above) might contribute to the elevate levels of FFA, 

since PLA2G1B releases fatty acids from dietary phospholipids. The increase in free cholesterol 

previously observed in the liver of Cd exposed rats (Afolabi et al., 2012; Larregle et al., 2008; Murugavel 

and Pari, 2007a) has been attributed to enhanced expression of cholesterogenic enzymes including 3-

hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and the repression of some cholesterol catabolic 

pathways. Data in Fig. 2 shown a clear induction at the transcriptional level of Hmgcr and Idi 

(isopentenyl-diphosphate delta isomerase 1), two enzymes involved in cholesterol biosynthesis. In fact, 

Hmgcr catalyzes the rate-limiting step in this biosynthetic pathway. The induction of Hmgcr might be 

consequence of Pla2g1B induction by Cd and the associated production of IL-6 and TNFα (Murugavel 

and Pari, 2007b). 

The transcriptional analysis reported here draws a global panorama in which Cd caused a strong 

oxidation of hepatic cells in mice that could not be avoided by the Cd-scavenging action of MT1. The 

oxidative situation generated affected the lipid metabolism and raised the inflammation response, each 

being both a cause and effect of the other. Lipids are the main component of cell membranes, and hence 

alteration of lipid metabolism by Cd might results in alterations in this complex structure. 

3.4 Proteomic analysis by DIGE 

For the transcriptional study referred above, we selected a group of genes according to the prior 

knowledge of alterations associated to Cd exposure. Thus, the subsequent results give a directed 

biological contextualization of their gene signature. An alternative and potentially complementary 

approach to address this problem is the use of proteomics to assess differences in protein expression 

profiles. Since the proteome is the protein complement to the genome, proteomic approaches should 
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greatly facilitate the characterization and identification of protein-related changes in mouse liver 

following Cd administration. 

2DE-DIGE analyses were performed in protein extracts from livers of male Mus musculus mice 

daily injected a fixed amount of 0.1 mg Cd/kg of body weight. The livers of mice in each experimental 

group (6- and 10-days of treatment) were pooled and their proteins extracted. A unique control pool was 

prepared by mixing equal amounts of homogenized liver from the two control groups. Combinations were 

made to compare in the same gel each problem pool with any other, labeled with Cy3 in some cases and 

with Cy5 in others, to correct the dye effect (dye-swapping). The Cy2 dye was used to label the internal 

standard, obtained by mixing an equal amount of all samples, allowing a significant quantitative 

comparison of proteomic variations. Six gels were run to achieve a statistically significant measure of the 

differences in protein expression between the control and the Cd-treated samples. A representative 2D-

DIGE gel is depicted in Online Supporting Information Fig. 1. Raw data are accessible from the authors 

upon request. 

The subsequent data analysis detected over 2700 protein spots on each CyDye-labeled gel, in the 

4–7 pH range and 14–70 kDa Mr. All protein spots were then quantified, normalized and inter-gel 

matched. No significant differences were found in mouse liver samples after 2d of Cd exposure, and 

hence, comparisons were focused on 6d and 10d treated samples. To test for significant differences in 

protein expression between problem and control samples, the data were filtered using the average volume 

ratios of ±1.5-fold differences and a t-test p value 0.02 and assigned to a spot of interest. Forty-eight 

spots satisfied these requirements and were excised from the gel for subsequent in-gel digestion and MS 

analysis for protein identification. Data were submitted to MASCOT database search resulting in the 

identification of 16 proteins (Table 1). Several proteins were found in different isoforms or with different 

post-translational modifications and then detected in multiple spots, including aldehyde dehydrogenase 

family 1 member L1 (ALDH1L1, spots 704 and 750) and fibrinogen gamma chain (FGG, spots 1484 and 

1500). Among proteins showing significant correlations with Cd concentrations in exposed mice, 5 

proteins (7 spots) were up-regulated and 9 down-regulated. The fold-change variation of these 16 spots 

after 10 consecutive days of Cd-exposure are indicated in Fig. 3.  

The identified proteins were submitted to a functional annotation analysis with the Ingenuity 

Pathway Analysis (IPA®, QIAGEN Redwood City) to unravel their primary role in cell metabolism. 
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They were grouped into three categories, involved in the stress response (7 proteins, 8 spots), the immune 

response (4 proteins, 5 spots) and energy homeostasis (3 proteins).  

Stress response  

Although we initially expected that most proteins deregulated by Cd treatment would have 

antioxidant functions, other types of stress response genes were predominant (Table 1 and Fig. 3). Most 

of these proteins have no obvious antioxidant function, except possibly ALDH1L1 (spots 704 and 750) 

and OAT (ornithine aminotransferase, spot 2597). ALDH1L1 is highly expressed in the liver under Nrf2 

control (Abdullah et al., 2012) that regulates the antioxidant response. It is involved in apoptosis 

(Hoeferlin et al., 2013) and in the detoxification of the intermediate-chain-length aldehydes, byproducts 

of lipid peroxidation (Yadav and Ramana, 2013). OAT, mainly found in the liver, is a pyridoxal-

phosphate dependent mitochondrial matrix aminotransferase involved in the metabolism of ornithine, 

shown to be up-regulated during ROS-related apoptosis (Lei et al., 2008). Both proteins were up-

regulated in the liver of Cd-treated M.musculus mice, corroborating the strong oxidative stress detected 

(Fig. 1) and suggested by the transcriptional data (Fig. 2). 

Three protein spots (1091, 1061 and 991), identified as heat shock proteins (GRP78, HSPA9 and 

TRAP1, respectively) had lower expression in the livers of Cd-treated mice. Cadmium induces the 

expression of Glucose-regulated protein 78 (GRP78) in certain cell types but not in hepatocytes (Liu et 

al., 2006). Fig. 3 show that GRP78 was down-regulated in the liver of 10d Cd-exposed mice. This 

molecular chaperone is a central regulator of the endoplasmic reticulum (ER) function due to its roles in 

protein folding. GRP78 induction is an important pro-survival component of the unfolded protein 

response (Li and Lee, 2006) but it is also a restraint to Nrf2 activation (Chang et al., 2012). Down-

regulating GRP78 in Cd-treated mice livers might activate the transcription of genes under Nrf2 control, 

encoding for phase II/III enzymes and the defense against oxidative stress (Chang et al., 2012). Similarly, 

HSP9 (Heat shock 70kDa protein 9/mortalin/ GRP75) and TRAP1 (tumor necrosis factor receptor 

associated protein 1) are mitochondrial heat shock cytoprotective proteins related to drug resistance and 

protection from apoptosis by buffering reactive oxygen species (ROS)-mediated oxidative stress. Their 

down-regulation in Cd-treated mice probably impaired mitochondrial functions but also enhanced the 

apoptosis and avoided mitotic defects and chromosome instability in Cd affected hepatic cells (Agorreta 
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et al., 2014; Ma et al., 2006), where DNA repair is compromised as indicated by the decrease in the 

transcript levels of Ogg1 and Ape1 genes (Fig.2). 

PDIA6 (spot 1499), also known as P5 or TXNDC7, is one of more than 20 protein disulfide 

isomerases (PDIs) in the eukaryotic ER. It is an active oxidoreductase with similar properties to other 

PDIs, yet it does not seem to be involved directly in protein folding (Eletto et al., 2014). By contrast, 

PDIA6, limits the duration of the unfolded protein response (UPR) and it has been reported that PDIA6-

deficient cells hyperrespond to ER stress, resulting in exaggerated up-regulation of UPR target genes and 

increased apoptosis (Eletto et al., 2014). All these results suggest that Cd exposure affects genes involved 

in cell division and particularly mechanisms that are responsible to cell cycle arrest. Our results could 

indicate that Cd exposure represses hepatocyte division. This hypothesis is further supported by the fact 

that Cd exposure was also associated with the down-regulation of the heterogeneous nuclear 

ribonucleoprotein K (hnRNPK, spot 1343), involved in cell signaling and gene expression, cooperating 

with p53 in transcriptional activation of cell-cycle arrest genes after DNA damage (Pelisch et al., 2012). 

The loss of hnRNPK in Cd-treated hepatic cells might deregulate genes involved in DNA repair, cell 

proliferation and apoptosis (Yang et al., 2013). Cadmium has been recently reported (Galano et al., 2014) 

to interfere with protein folding, leading to accumulation of misfolded proteins and ER stress by 

decreasing chaperone levels. 

Immune response 

Increasing evidence demonstrates that Cd induces inflammation (i.e., (Marth et al., 2001)), but 

its mechanisms remain obscure. Our study showed that Cd exposure was positively associated with the 

systemic inflammation marker fibrinogen, a soluble glycoprotein synthesized by hepatocytes composed 

by three distinct polypeptides called Aα, Bβ and γ. Fibrinogen is considered an acute-phase reactant and 

increased fibrinogen content in the blood is considered an indicator for a proinflammatory state (Davalos 

and Akassoglou, 2012). Three spots up-regulated by Cd in mouse liver were identified as FGB (spot 

1298) and FGG (spots 1484 and 1500). Alpha 1-antitrypsin (AAT) is the archetypal member of the serine 

proteinase inhibitor (SERPIN) gene family. AAT is an acute-phase reactant and the plasma concentration 

increases three- to four-fold during the inflammatory response. It has been reported that Cd lowers ATT 

content and depresses the trypsin inhibitory capacity, an effect not shared with any other divalent ions, 

Pb, Hg, Ni, Fe, and Zn. Other reports show that in mice Cd inhibits chymotrypsin activity in vivo 
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(Shimada et al., 2000). We found here a down-regulation of ATT isoform Serpin 1c (spot 1562) and 

chymotrypsinogen B (CTRB, spot 2248) in the liver of Cd-treated mice. Serine proteases inhibition has 

been described as an integral part of the apoptotic response (King et al., 2004) which agrees with down-

regulation of GRP78 and other heat shock proteins. These results would also sustain the pro-inflammatory 

situation evoked by the increased levels of Pla2g1B and Igh transcripts (Fig. 2), which probably results in 

the induction of cytokine gene expression and of the synthesis of immunoglobulins described for Cd (Jo 

et al., 2004; Marth et al., 2001). 

Energy metabolism 

Though the energy metabolism class is composed by only 3 proteins, they show great metabolic 

alterations in the liver of Cd-treated mice. Mitochondrial ATPase synthase b subunit (spot 1532) was 

down-regulated, suggesting a decreased ATP supply by oxidative phosphorylation during Cd exposure. 

Phosphoglucomutase (PGM1, spot 1216) that catalyze reversible reactions required for glycolysis and 

gluconeogenesis was up-regulated in the Cd-treated mice livers, probably to meet the enhanced energy 

demand caused by Cd and to compensate the decrease of oxidative phosphorylation. Finally, down-

regulation of ∆(3,5)-∆(2,4)-dienoyl-CoA isomerase (ECH), an auxiliary enzyme of unsaturated fatty acid 

β-oxidation might be related to the dysregulation of lipid metabolism described for Cd toxicity. 

3.5 Metabolomic analysis by mass spectrometry 

For a better understanding of metabolic disorders caused by Cd exposure, we carried out a 

metabolomic study in the livers of Cd-exposed mice, in parallel to the transcriptional and proteomic 

analysis. Considering the highly distinct and diverse features of information obtained at the levels of 

metabolite, mRNA and protein, the combination of these three approaches should provide a highly 

comprehensive view on the effects of Cd toxicity. 

A partial least squares discriminant analysis (PLS-DA) was performed to discriminate between 

the groups of mice differentially exposed to Cd, assessing the intensities of the signals in the polar and 

lipophilic extracts from mice plasma and liver, combining the positive and negative ionization mode of 

acquisition (Fig. 4). The models built with polar and lipophilic metabolites allow a good classification of 

samples in the different groups, which are shown by the respective scores plots. The Variable Influence 

on the Projection (VIP) parameter was used to identify the variables responsible for this separation. VIP 
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is a weighted sum of squares of the PLS-DA weight that indicates the importance of the variable to the 

whole model. Thus, it is possible to select variables with the most significant contribution in 

discriminating between metabonomic profiles corresponding to exposed groups against controls. Only 

metabolites with VIP > 1.5 have been considered good biomarkers of Cd exposure. The values of R
2
Y 

(cum) and Q
2
 (cum) of the combined model are 0.90-0.95 and 0.80-0.90, respectively, indicating that a 

combination of datasets between groups provides the best classification and prediction. The 

complementarity of using both ionization modes for polar and lipophilic metabolites is remarkable (see 

Table 2). In this sense, some metabolites are ionizable using positive and negative mode of acquisition, 

such as lysophosphatidylcholines, glucose and glutamate, and others are altered in both extracts, such as 

phosphatidylcholines (Table 2). As a complementary approach, GC-MS was applied also to confirm and 

quantify altered metabolites established by DIMS and others that are not possible to ionize by ESI. For 

this purpose, three derivatizing reagents were used for plasma samples to obtain as much metabolic 

information as possible. Metabolic profiles of mice plasma samples after 6d and 10d of Cd-exposure were 

obtained by GC-MS.  

Table 2 shows a Cd-induced metabolic deregulation, especially of lipids and glucose 

metabolism. The livers of Cd treated mice had increased levels of triglycerides (TGs), diglycerides (DGs), 

free fatty acids (10-18C of different unsaturation degree) and lyso-phosphatidylcholines (LPCs), and 

higher content of choline, phosphocholine, creatinine, glutamine and lactic acid. In contrast, Cd-exposure 

decreased the levels of glucose, taurine, glutamate, phenylalanine, creatine, citrate and 

phosphatidylcholines (PCs) in plasma/liver. Via GC-MS we assessed the plasma content of glucose, 

isoleucine, glutamate, α-ketoglutarate, phenylalanine, isocitrate and citrate and the increase of lactic acid, 

glutamine and cholesterol levels, to establish the statistical significance of the variation (Table 2). The 

metabolic changes observed during Cd exposure can be related to perturbations in different metabolic 

pathways, as follows: 

Carbohydrate metabolism 

The levels of energy metabolism intermediates, including glucose and three tricarboxylic acid 

(TCA) cycle members, citrate, isocitrate and α-ketoglutarate, decrease in mouse liver/plasma under Cd 

exposure (Table 2). TCA is a core pathway for sugar, lipid, and amino acid metabolism. Besides being 

responsible for production of reducing cofactors (NADH and CoQH2) which fuel the mitochondrial 
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electron transport chain (ETC) to generate ATP, TCA also provides precursors for biosynthesis of lipid, 

proteins and nucleic acids (Desideri et al., 2014). It was proposed that Cd exerts its toxic effect mainly 

blocking the ETC by impairing the electron flow through the cytochrome bc1 complex (Cannino et al., 

2009) (Adiele et al., 2012). Since TCA regulation depends primarily on NAD
+
 and ADP availability, ETC 

blocking would reduce the TCA activity and the concentration of its components. A second, non-

excluding, mechanism that can explain the lower levels of some TCA cycle components is the oxidation 

by Cd of aconitase, isocitrate dehydrogenase (IDH) and α-ketoglutarate dehydrogenase (α-KGDH) 

enzymes (Kil et al., 2006) (Tretter and Adam-Vizi, 2005), impairing the conversion of citrate in succinyl-

CoA; actually these enzymes are very sensitive to oxidative stress. Instead, citrate would be exported to 

the cytosol and cleaved by ATP-citrate lyase (ACLY) to acetyl-CoA and oxaloacetate. While acetyl-CoA 

is essential to sustain de novo FFA synthesis, oxaloacetate can fuel the Krebs cycle if glutamate is 

available and feeds the cycle via α-KG (Tretter and Adam-Vizi, 2005) and some generation of NAD(P)H 

in the Krebs cycle is maintained despite of aconitase being blocked. This segment of the Krebs cycle has 

been suggested to function in the absence of glucose, such as that we observed in Cd treated mice, and 

may also explain the low levels of citrate and glutamate (Table 2). It is known that mitochondrial 

respiratory dysfunction results in a switch from oxidative phosphorylation to aerobic glycolysis (the 

Warburg effect) (Fig. 5). Increased glycolysis confers growth advantages by diverting glucose to generate 

NADPH and acetyl-CoA and activates factors involved in fatty acid biosynthesis (Tong et al., 2011). 

Under this metabolic shift, most of the pyruvate generated from glucose (>90%) is converted to lactate by 

lactate dehydrogenase to recover the NAD
+
 needed to maintain glycolysis, produce ATP and assure cell 

survival (Desideri et al., 2014). Metabolites quantification (Table 2) suggested the onset of aerobic 

glycolysis in the liver and plasma of Cd-treated mice. Two other evidences from the proteomic study 

support this idea. First, the up-regulation of PGM1 (Fig. 3) to assure the provision of glucose to the 

glycolytic pathway. Second, the down-regulation of TRAP1 (Fig. 3) the mitochondrial chaperone that 

binds to and inhibits succinate dehydrogenase, may alleviate the inhibition of mitochondrial respiration 

and promote FA oxidation, TCA cycle intermediates, ATP and enhance cell survival. Large amount of 

evidence points towards this metabolic shift as being particularly important for highly proliferating cells, 

like tumor cells, which require a continuous supply of precursors for the synthesis of lipids, proteins and 

nucleic acids (Desideri et al., 2014). From our results, the drastic metabolic changes observed by 
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metabolomics and the extensive oxidative stress detected via functional genomics approaches could also 

be in the base of cadmium carcinogenicity. 

We realize that the changes we observed in the transcripts, proteins and metabolites levels in 

mice plasma/liver can be influenced by alterations caused by Cd in other tissues. Nephrotoxicity is one of 

the main adverse effects of cadmium exposure (Rani et al., 2014), and references herein). As a 

consequence, Cd resulted in inhibition of glucose uptake by kidney and glucosuria (Kothinti et al., 2010), 

and references herein), which may be in the origin of the hypoglycemia we detected in plasma by 

metabolomics (Table 2). Growing epidemiological studies have suggested a possible link between Cd 

exposure and diabetes as Cd induced oxidative stress causes suppression of insulin secretion and 

apoptosis in pancreatic islet -cell (Chang et al., 2013). However, our data showed that cadmium-induced 

hypoglycemia remains in plasm and indicate that the effects of cadmium on the metabolic routes 

described in the manuscript (genomics, proteomics and metabolomics findings) may be, at least in part, 

independent of the hormonal action. 

 Lipid metabolism 

Reprogramming of lipid metabolism, in particular fatty acid synthesis, is an important 

underlying feature of Cd toxicity. Coupled with changes in glycolysis and the TCA cycle is increased 

expression of genes encoding key enzymes in FA and cholesterol biosynthesis. Data in Table 2 show that 

Cd exposure resulted in significantly increased FFA, DGA, TGA and total cholesterol contents in 

liver/plasma. These results fully agree with those in Fig. 2 indicating that the increased mRNA levels of 

Mogat1 (~8-fold), Pla2g1B (~100-fold), Hmgcr (~3-fold) and Idi1 (~3-fold) paralleled an increase in the 

corresponding proteins and lead to lipid metabolism dysregulation. Data also corroborate and extend the 

knowledge of how Cd increase plasma TGA levels, by rising the hepatic synthesis of TAG and not only 

by decreased lipoprotein lipase activity that leads to an increase in the circulating triglyceride-rich VLDL 

(Larregle et al., 2008) (Afolabi et al., 2012). Notice that a lipogenic phenotype is considered as a new 

hallmark of many cancer cells (Dakubo, 2010). (Desideri et al., 2014). 

Membrane lipids are particularly sensitive to free radicals due to the presence of polyunsaturated 

fatty acids, which preferentially undergo lipid peroxidation. The increased levels of choline and 

phosphocholine detected in liver and plasma (Table 2) after Cd intake may be associated with Cd induced 
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disruption of cell membranes via peroxidation due to the increased oxidative stress. Phosphatidylcholines 

(PC) are also major components of biological membranes that incorporate choline as a headgroup, and 

have an important role in both proliferative growth and programmed cell death. As shown in Table 2, Cd 

diminished PC levels, what probably can be achieved by increasing the levels of PLA2G1B (see Fig. 2 

showing increased transcript levels for Pla2g1b gene) that liberate FA and lyso-PC from PC (Ridgway, 

2013). 

Amino acid metabolism 

Alterations of glucose and amino acid levels seem to be a common response to many toxins in 

several species. Glutamine is the most abundant naturally occurring amino acid in the body whose 

metabolism is accelerated during the glucose shift to provide substrates for increased lipogenesis and 

nucleic acid biosynthesis that are critical to the proliferative cell (Dakubo, 2010). Adaptive accelerated 

glutamine metabolism imposes an increased glutamine intake that is used mainly (66%) to generate 

lactate and alanine (Dakubo, 2010). Other metabolites increased under Cd exposure were the amino acids 

aspartate, valine, glycine and serine, all of them considered gluconeogenic. By contrast, the ketogenic 

amino acids isoleucine and phenylalanine, were decreased in the liver/plasma of Cd treated mice. 

Two small metabolites, taurine and creatine, were decreased in the liver/plasma of Cd-treated 

mice (Table 2). Taurine (2-aminoethanesulfonic acid), a derivative of cysteine, is the most abundant free 

amino acid in liver with an important antioxidant role (Manna et al., 2009), that might be linked to the 

oxidative stress promoted by Cd exposure. It is abundantly maintained in the liver by both endogenous 

biosynthesis and exogenous transport, but is decreased in liver diseases (Miyazaki and Matsuzaki, 2014). 

Creatine synthesis requires three amino acids: glycine, methionine and arginine. The decreased levels of 

creatine in Cd-treated mice livers may be originated by the perturbation of transmethylation caused by the 

increased choline levels (Table 2). Moreover, carnitine is readily degraded to creatinine to be exported to 

the urea cycle. Elevation of plasma creatinine concentrations (Table 2) might indicate renal damage. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://en.wikipedia.org/wiki/Biological_membrane
http://en.wikipedia.org/wiki/Choline


26 

 

4 Concluding remarks (200 words max.) 

Assessment of metal toxicity in mice requires multi-disciplinary tools to integrate many metabolic 

pathways and biological responses. "Omics" technologies are valuable since they provide massive 

information about biomolecules in cells and organisms under toxic metals effects. We confirm here that 

successful application of transcriptional analysis (RT-PCR) of a select group of genes, lipid peroxidation 

assays, proteomic methods (DIGE) and metabolomic workflow (DIMS and GC-MS) for overall 

evaluation of Cd-induced perturbations in liver and plasma is due to integration of different omics. Our 

integrated results show a critical effect of Cd on the oxidative status, the immune response, the energy 

metabolism and the lipid metabolism in the liver of Cd treated Mus musculus mice for up to 10 days 

exposure. Data suggest the occurrence of a metabolic switch from oxidative phosphorylation to aerobic 

glycolysis. This metabolic alteration is particularly important for highly proliferating cells, like tumor 

cells, which require a continuous supply of precursors for the synthesis of lipids, proteins and nucleic 

acids. Hence, the metabolic changes observed by metabolomics and the oxidative stress detected via 

transcriptional analysis and proteomic methods could also be in the base of Cd carcinogenicity. 
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Figure captions 

Figure 1. Lipid peroxidation levels in the liver of Cd treated Mus musculus mice compared to control 

mice. Values are mean ± SD values with 8 mice (3 pools) in each group. All measurements were made in 

triplicate. Statistical significances were determined with the Student’s t-test. Differences between Cd 

treated mice and the control group were statistically significant at a P value of ≤0.0001. 

Figure 2. Absolute quantification of transcript molecules in the liver of Cd treated Mus musculus mice 

compared with control mice. Samples were taken after 6 or 10 days of treatment. Values are mean ± SD 

values with 8 mice in each group. All measurements were made in quadruplicate. Comparisons were 

made by Student’s t-test. Statistical significance is expressed as: ***P < 0.001, **P < 0.01 and *P < 0.05.  

Figure 3.  Focal 2-DE gel images showing the differential expression of the 16 identified proteins. Spots 

with the highest or lowest volume in Cd treated liver mice are shown in (A) and (B), respectively. In (C) 

the fold changes in the spot volumes (in arbitrary units) corresponding to 10-days treated mice are given 

as mean ±SEM from the three gels/dose. 

Figure 4. Scores plots of PLS-DA for ESI+ and ESI– ionization modes of polar and lipophilic liver 

extracts and plasma. Blue diamonds: control mice; red diamonds: 6d Cd-exposed mice; black squares: 

10d Cd-exposed mice.  

Figure 5.  Proposed metabolism of glucose in Cd treated mice. Mitochondrial respiratory dysfunction 

after Cd exposure results in a switch from oxidative phosphorylation to anaerobic glycolysis (the 

Warburg effect) and glucose is converted into lactate. The electron transport chain slows down as 

mitochondrial membrane is depolarized by Cd (Yang, Chen et al. 2007). Some TCA enzymes are 

Cd/ROS inhibited and citrate is exported to the cytosol and cleaved to acetyl-CoA and oxaloacetate. 

Acetyl-CoA sustains de novo FFA synthesis and oxaloacetate fuels the Krebs cycle. A segment of the 

TCA cycle still works because glutamate feeds the cycle via α-KG.  
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As Online Supporting Information are included the following two Figure and three Tables: 

Supporting Information Figure 1. Experimental design showing the animals per treatment group ant the 

pooling of the samples for the different assays. 

Supporting Information Figure 2. Virtual two-dimensional differential in gel electrophoresis (2D-

DIGE) images for comparison of control and 10-days Cd-treated liver mice proteomes. Equal amounts of 

Cy2 (IS, internal standard with equally mixed samples), Cy5 (control, untreated mice), and Cy3 (10-days 

Cd treated mice) labeled samples were mixed and then separated on analytical 2D-DIGE. Gels were 

scanned and a set of Cy5, Cy3, and Cy2 (A) images were obtained from each gel. An overlay of three dye 

scan-images was also obtained (B). The spot intensities and the relative expression ratio were computed 

using the DeCyder 6.5 software (Amersham Biosciences). Statistical significances were determined with 

the Student’s t-test. As an example, circles in (B) mark some spots whose intensities increased (red) or 

decreased (green) in relation to the IS because of the Cd treatment; for these four spots, the symbol of the 

identified protein and the fold-change variation (statistically significant at a P value of ≤0.05) are 

indicated and the number assigned to the spot , the Mw and the Ip are given in brackets). The remarked 

sponts are highlated in (C), where the intensity and direction of the change is also shown.  

Supporting Information Table 1. Primers used in this work. 

Supporting Information Table 2. Quantification of Cd in liver and plasma of mice by ICP-ORS-MS. 

Supporting Information Table 3. Variance in mouse gene expression. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Figure 1
Click here to download high resolution image

http://www.editorialmanager.com/mebo/download.aspx?id=57467&guid=feb14af1-36ba-4377-8277-56c4f3a49f8a&scheme=1


Figure 2
Click here to download high resolution image

http://www.editorialmanager.com/mebo/download.aspx?id=57468&guid=ac4e87a8-cd68-4229-8a07-41398469426c&scheme=1


Figure 3
Click here to download high resolution image

http://www.editorialmanager.com/mebo/download.aspx?id=57469&guid=a2acd875-6c6e-4142-8b78-66c5eea90400&scheme=1


Figure 4
Click here to download high resolution image

http://www.editorialmanager.com/mebo/download.aspx?id=57470&guid=3cac2599-de8c-4c6b-82e5-c84b89e310fb&scheme=1


Figure 5
Click here to download high resolution image

http://www.editorialmanager.com/mebo/download.aspx?id=57471&guid=2a83c7f2-1bba-46fe-ba4b-adaa0356baaf&scheme=1


Table 1. Differentially expressed proteins in the liver of Cd treated M. musculus mice, 
identified by Mascot search based on MALDI-TOF–MS/MS data. 

Master 

Noa 

Protein nameb  
Symbolb  

Uniprot 

IDb 

Peptides 

mached 

Sequence 

coverage 

(%) 

Protein 

SCORE 

Mass (kDa) PI  

 Functional category Theor Exp Theor Exp 

Stress response 

704 

Aldehyde 

dehydrogenase family 

1 member L1 

ALDH1L1 Q8R0Y6 51  57 968 99.5 99.0 5.6 5.6 

750 

Aldehyde 

dehydrogenase family 

1 member L1 

ALDH1L1 Q8R0Y6 29 30 284 99.5 98.9 5.6 5.8 

991 
Heat shock protein 75 

kDa mitochondrial 
TRAP1 Q9CQN1 13 16  147 80.3 81.0 6.6 6.6 

1061 
Hspa9, Stress-70 

protein 
HSPA9 Q3TW93 26  35  500 73.8 73.7 5.91 5.5 

1091 

Hspa5, 78 kDa 

glucose-regulated 

protein 

GRP78 P20029 26 36  387 72.5 72.5 5.1 5.0 

1343 
Heterogeneous nuclear 

ribonucleoprotein K 
hnRNPK 

P61979-

2 

17 

  

33 

  
151 51.3 55.5 5.7 5.5 

1499 
Protein disulfide-

isomerase A6-like 
PDIA6 Q922R8 16  29  324 47.6 52.7 6.3 5.3 

2597 

Ornithine 

aminotransferase, 

mitochondrial 

OAT P29758 7 20  123 50.6 23.0 5.0 6.2 

Immune response 

1298 Fibrinogen beta chain  FGB Q8K0E8 21  35  384 55.4 56.8 6.8 6.1 

1484 
Fibrinogen gamma 

chain  
FGG Q3UER8 15  26  177 50.0 51.0 5.5 5.6 

1500 
Fibrinogen gamma 

chain  
FGG Q3UER8 17  33 251 50.0 52.0 5.5 5.5 

1562 
Serpin 1c Alpha-1-

antitrypsin 1-3      
Serpin 1c Q00896 10  17  132 46.0 50.1 5.3 4.6 

2248 Chymotrypsinogen  B CTRB Q9CR35 10 38  98 28.4 29.9 4.9 5.0 

Energy homeostasis 

1216 Phosphoglucomutase-1 PMG1 Q9D0F9 33  49 357 61.8 60.9 6.3 6.4 

1532 
ATP synthase subunit 

beta, mitochondrial 
ATP5B P56480 28 46 624 56.3 51.6 5.2 4.9 

2080 

∆(3,5)-∆(2,4)-dienoyl-

CoA isomerase, 

mitochondrial 

ECH O35459 16  42 216 36.4 35.8 7.6 6.2 

aThe numbering of the spots is arbitrary  
bProtein name, symbol and identifier (ID) as UniProtKB/Swiss-Prot database. 
c MOWSE protein score based on MS data.  
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Table 2. Biomarkers from liver and plasma of mice (Mus musculus) exposed to 
cadmium during 10 days. 

Altered metabolites by DIMS 

Metabolites m/za 
Mode of 

acquisitionb 
Target Organ 

Variation 

following 

Cd 

exposurec 

 

 

 

 
+)  
+)  
+)  
+)  
+)  
+)  
+)  
+)  
+)  
+)  
+)  

 

 
+)  

 

 

 

+)  
+)

 -)

(nmol/l)

Metabolites 

Lactic acid 1.470 ± 0.100 1.630 ± 0.140 1.940 ± 0.210 

Glutamine 0.568 ± 0.031 0.621 ± 0.026 0.672 ± 0.033 

Cholesterol 1.460 ± 0.090 1.550 ± 0.120 1.680 ± 0.096 

Phenylalanine 0.063 ± 0.003 0.062 ± 0.004 0.059 ± 0.005 

Isocitric acid 0.521 ± 0.016 0.499 ± 0.034 0.478 ± 0.022 

Citric acid 3.330 ± 0.410 3.140 ± 0.160 2.840 ± 0.180 

Glucose 7.720 ± 0.510 7.410 ± 0.370 6.540 ± 0.690 

α-Ketoglutarate 0.138 ± 0.011 0.121 ± 0.014 0.102 ± 0.011 

Glutamic acid 0.141 ± 0.090 0.123 ± 0.011 0.104 ± 0.012 

Isoleucine 0.072 ± 0.008 0.061 ± 0.009 0.048 ± 0.010 
aThe m/z ratios of the metabolites were measured to a precision of 0.01 Da. 
bMetabolomic experiments of liver and plasma extracts from mice exposed to Cd were performed by DIMS in a 

mass spectrometer QSTAR XL Hybrid system (Applied Biosystems) using an electrospray ionization source (ESI). 

Both extracts were analyzed in positive (ESI+) and negative (ESI-) ion modes resulting different profiles in a wide 

spectral range (m/z 50-1100). 
cVariations compared to control mice: ↑, increasing signal intensity;↓, decreasing signal intensity 
dData are mean ± SD of metabolite determination by  by GC-MS in the plasma of five individual mice 
eStatistical significant differences between the Cd treated animals and the controls at the  p<0.05 level  determined 

with Student’s t-test are indicated In bold.
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