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Abstract 

 

Copper is an essential metal for life, but is toxic at high concentrations. In mammalian cells, 

two copper transporters are known, CTR1 and CTR2. In order to gain insights on the possible 

influence of the import pathway on cellular responses to copper, two copper challenges were 

compared: one with copper ion, which is likely to use preferentially CTR1, and one with a 

copper-polyacrylate complex, which will be internalized via the endosomal pathway and is 

likely to use preferentially CTR2. A model system consisting in the J774A1 mouse 

macrophage system, with a strong endosomal/lysosomal pathway, was used. In order to gain 

wide insights into the cellular responses to copper, a proteomic approach was used. The 

proteomic results were validated by targeted experiments, and showed differential effects of 

the import mode on cellular physiology parameters.  

While the mitochondrial transmembrane potential was kept constant, a depletion in the free 

glutahione content was observed with copper (ion and polylacrylate complex). Both copper-

polyacrylate and polyacrylate induced perturbations in the cytoskeleton and in phagocytosis. 

Inflammatory responses were also differently altered by copper ion and copper-polyacrylate. 

Copper-polyacrylate also perturbed several metabolic enzymes. Lastly, enzymes were used as 

a test set to assess the predictive value of proteomics. 

 

Significance:  

Proteomic profiling provides an in-depth analysis of the alterations induced on cells by copper 

under two different exposure modes to this metal, namely as the free ion or as a complex with 

polyacrylate. The cellular responses were substantially different between the two exposure 

modes, although some cellular effects are shared, such as the depletion in free glutathione. 

Targeted experiments were used to confirm the proteomic results. Some metabolic enzymes 



showed altered activities after exposure to the copper-polyacrylate complex. The basal 

inflammatory responses were different for copper ion and for the copper-polyacrylate 

complex, while the two forms of copper inhibited lipopolysaccharide-induced inflammatory 

responses 

 

1. Introduction 

As for several metallic elements such as zinc or iron, copper is essential for life but becomes 

toxic at high concentrations. For example, a defect in copper excretion is the cause of the 

hereditary Wilson and Menkes diseases [1]. The toxic properties of copper led to its 

widespread usage as a biocide, e.g. in agriculture as a fungicide (see [2] for a review), with 

consequences on human health among workers (e.g. in[3] ). More recently and in a more 

subtle way, copper has been promoted for anticancer strategies, e.g. in [4–6] . These strategies 

rely on copper ionophores to increase the intracellular copper concentrations to reach 

cytotoxicity in target cells at copper concentrations that are not systemically toxic. Using 

ionophores is indeed a way to circumvent the deactivation of the copper membrane 

transporter CTR1 by endocytosis upon copper excess conditions [7]. 

Several mechanisms have been proposed to explain the toxicity of the copper complexes, 

including proteasome inhibition [4,8] or oxidative stress [9,10]. The two mechanisms may be 

linked, as copper induces oxidative alteration of the proteasome and thus its inhibition [11].  

It is clear that the therapeutic effect is due to an increase in the intracellular copper 

concentration [12]. However, it seems that a higher sensitivity of cancer cells to proteasome 

inhibition [13] or oxidative stress compared to normal cells [14,15] is more likely to explain 

this effect than a differential increase in copper concentration between normal and cancer 

cells [16]. 

This leads to a potential way of improving the contrast in toxicity between normal and cancer 

cells, or toward suppressor myeloid cells that are interesting targets in anticancer approaches 

[17,18]. As a first approach in this direction, we decided to test two different entry routes for 

copper ion in cells, either classically through the plasma membrane as free ion, or through the 

endocytic pathway via a complex of copper ion with an anionic polymer, in our case 

polyacrylate, as polymeric polyanions are well known to be unable to cross the plasma 

membrane. This route was intended to use the lysosomal pathway for copper entry [19], and 

may rely upon the alternate copper transporter CTR2 [20], which is localized in endosomes 

and lysosomes [21].  

 

In order to get a better appraisal of the cellular responses to these treatments, we decided to 

use a proteomic approach, which gives a substantially wider view of the cellular reactions to 

toxicants than targeted approaches (see for example [22–24] for reviews), and validated the 

most striking results of the proteomic screen by targeted experiments.  

 

2. Materials and methods 

 

Unless specified otherwise, the chemicals used in this work were purchased from Sigma-

Millipore and were at least 99% pure. As a copper source for the copper complexes, we used a 

titrated copper sulfate solution (4% catalog number C2284). Sodium polyacrylate (average 

molecular mass 15,000, #416037) was purchased directly as a water solution and sterilized by 

pasteurization at 80°C overnight.  

 

2.1. Cell culture 

 



The mouse monocyte/macrophage cell line J774A1 was purchased from the European Cell 

Culture Collection (Salisbury, UK). The cells were cultured in DMEM + 10% fetal bovine 

serum. Cells were seeded every two days at 200,000 cells/ml and harvested at 1,000,000 cells 

per ml. For treatment with chemicals, the following scheme was used: cells were first seeded 

at 500,000 cells/ml in T175 flasks (50 ml per flask). They were exposed to copper ion 

(150µM), polyacrylate (0.25 mg/ml final concentration) or a combination of both on the 

following day and harvested after a further 4 hours or 24 hours in culture. Cell viability was 

measured by the neutral red uptake assay [25]. All experiments were carried out at least in 

triplicate on independent cultures.  

 

2.2. Subcellular fractionation and ion quantification by ICP-MS 

For measuring copper uptake in cells and its repartition, the cells were harvested after 

exposure to copper ion, polyacrylate or polyacrylate + copper ion by scraping in buffer A 

(Hepes 10 mM pH 7.5, sucrose 200 mM, magnesium chloride 2 mM), and collected by 

centrifugation (500 g, 5 min).  

In some experiments the cell pellet (ca 50µl in volume) was resuspended in 500 µl of buffer A 

to which 0.15 % (w/v) tetradecyldimethylammonio propane sulfonate (SB 3-14) was added. 

After lysis for 20 minutes on ice, the protein concentration was determined by a modified 

dye-binding assay [26] and the lysate was stored frozen at -20°C until mineralization.  

In other experiments, the cell pellet was resuspended in 500 µl of buffer A on ice, and the 

cells were lysed in a Dounce homogeneizer by ten strokes of the tight pestle. The homogenate 

was first centrifuged at 1000g for 5 minutes at +4°C to remove unbroken cells and nuclei. The 

supernatant was collected and centrifuged at 15000g for 20 minutes at +4°C.  The supernatant 

was collected and saved, and the pellet (particulate fraction) was resuspended in 500µl of 

buffer A. The protein concentration of both extracts (particulate and supernatant) was 

determined by a modified dye-binding assay [26].  

 

The extracts were then mineralized by the addition of one volume of suprapure 65% HNO3 per 

volume of extract and incubation on a rotating wheel at room temperature for 18 h.  

 

Mineralized samples were diluted in distilled water and analyzed using an iCAP RQ 

quadrupole mass instrument (Thermo Fisher Scientific GmbH, Germany) equipped with an 

ASX-560 auto-sampler (Teledyne CETAC Technologies, Omaha, USA). The instrument was 

used with a MicroMist U-Series glass concentric nebulizer, a quartz spray chamber cooled at 

3°C, a Qnova quartz torch, a nickel sample cone, and a nickel skimmer cone equipped with a 

high-sensitivity insert. Elements were analyzed using kinetic energy discrimination mode with 

helium as the collision cell gas (for 
63

Cu and 
65

Cu). Concentrations were determined using 

standard curves and corrected using an internal standard solution of 103Rh added online. Data 

integration was done using the Qtegra software (version 2.8.2944.115). The background 

equivalent concentration (BEC) on pure standards was 0.02 ng/ml for 
63

Cu and 
65

Cu. 

 

2.3. Proteomics 

 

For this study, 2D gel-based proteomics was used. After cell treatment with copper ion, 

polyacrylate, or their combination for 24 hours, as described above, the culture medium was 

removed and the cells collected by scraping in Hepes saline (Hepes 10mM pH 7.5, NaCl 

150mM and MgCl2 2mM). After two rinses in the same solution, the cell pellet was lysed by 

the addition of ten cell pellet volumes of lysing solution (urea 7M, thiourea 2M, CHAPS 4%, 

TCEP-HCl 5mM, spermine base 15mM, spermine tetrahydrochloride 15mM). After 30 



minutes at room temperature to complete cell lysis, the lysate was centrifuged (16,000g, 30 

minutes, room temperature) to pellet the nucleic acids. The protein-containing supernatant 

was collected and the protein concentration determined by a modified dye binding assay [26]. 

Carrier ampholytes (0.4% final concentration) were then added and the lysates were stored 

frozen at -20°C until use.  

2D gel-based proteomics was carried out as previously described [27], using linear pH 4-8 

gradients in the focusing dimension, 10% polyacrylamide gels in the second dimension and 

silver staining. The gels were scanned after silver staining on a flatbed scanner (Epson 

perfection V750), using a 16 bits grayscale image acquisition. The gel images were then 

analyzed using the Delta 2D software (v 4.7). Spot identification was carried out by nanoLC-

MS/MS analysis on a nanoACQUITY Ultra-Performance-LC (Waters Corporation, Milford, 

MA, USA) coupled to a TripleTOF 5600 instrument run in Data Dependent Acquisition mode 

(Sciex,Framingham, MS, USA) as previously described [27].  The mass spectrometry data are 

deposited in PRIDE [28] under the accession number PXD021252.  

 

For statistical analyses, the difference between two groups was determined by a Student T-test 

or a Mann Whitney U-test. For the global analysis of the spot abundances data, we used 

directly the spot abundances data as provided by the gel analysis software. The software 

directly normalizes each spot abundance by the sum of all spot abundances detected on the 

gel. These relative abundances data were used directly for global analysis using the PAST 

software suite [29] without any transformation. Hierarchical clustering was selected as the 

analysis method for its insensitivity to missing or null values. In order to minimize the 

quantitative bias due to different protein abundances, the Gower distance (i.e. a normalized 

distance) was used to perform the clustering analysis. 

 

2.4. Enzyme assays 

 

The enzymes were assayed according to published procedures (see below).  

 

The cell extracts for enzyme assays were prepared by lysing the cells for 20 minutes at 0°C in 

Hepes 20 mM pH 7.5, MgCl2 2 mM, KCl 50 mM, EGTA 1 mM, tetradecyldimethylammonio 

propane sulfonate (SB 3-14) 0.15 % (w/v), followed by centrifugation at 15,000 g for 15 

minutes to clear the extract. The protein concentration was determined by a dye-binding assay 

[26].  

 

The dehydrogenases or dehydrogenases-coupled activities were assayed at 500nm using the 

phenazine methosulfate/iodonitrotetrazolium coupled assay [30]. The enzyme assay buffer 

contained Hepes NaOH 25mM pH 7.5, magnesium acetate 5mM, potassium nitrate 100mM 

and Triton X-100 (1% w/v). It also contained 30µM phenazine methosulfate, 200µM 

iodonitrotetrazolium chloride, 250µM of the adequate cofactor (NAD or NADP) and 1-5mM 

of the organic substrate, which was used to start the reaction. For phosphate-dependent 

enzymes such as glyceraldehyde dehydrogenase (GAPDH) and purine phosphorylase (PNPH), 

50mM potassium phosphate pH 7.5 was added to the enzyme assay buffer. Transaldolase was 

assayed by a GAPDH coupled assay [31].  

 

Purine phosphorylase (PNPH) was assayed by a xanthine oxidase--coupled assay [32]. 

Enolase was assayed at 340nm by a pyruvate kinase-lactate dehydrogenase-coupled assay 

[33]. Aspartate aminotransferase was assayed by a glutamate dehydrogenase-coupled assay 

[34]. Lactoylglutathione lyase activity was assayed at 240 nm as previously described [35].  

 



2.5. In gel detection of malate dehydrogenase activity 

 

The enzyme was detected by a phenazine methosulfate/nitrobuetetrazolium assay after in-gel 

renaturation [36].  Briefly, 0.5 mg of protein extract was loaded on a 2D gel and separated as 

described previously. Immediately after electrophoresis, an 8x5 cm gel piece was cut in the 

region containing malate dehydrogenase, as determined from previous proteomic experiments 

providing x-y coordinates for the malate dehydrogenase spots on the 2D gels. The excised 

zone was chosen to leave room for eventual modified or cleaved malate dehydrogenase forms. 

The proteins were renatured by immersing the gel piece for 2x20 minutes in a solution 

containing TrisHCl buffer pH 7.5 50mM, NaCl 200mM, Glycerol 10% (v/v) Triton X-100 2% 

(w/v) and DTT 1mM, under reciprocal shaking. The gel piece was then further renatured by a 

2x20 minutes treatment by the same solution without DTT. Finally, the activity was detected 

by immersing the gel piece in a solution containing Tris buffer pH 7.5 80mM, NaCl 10mM, 

MgCl2 5mM, disodium malate 50mM, phenazine methosulfate 2.5 µg/ml, NAD 1mg/ml and 

nitro tetrazolium blue 2.5 mg/ml. The activity was detected by blue spots on a transparent 

background. Finally, the gel piece, was rinsed several times with water, scanned to produce a 

digital image as described above, and counterstained with colloidal Coomassie blue. Major 

spots detected by Coomassie Blue in the excised region were used as anchor spots to carry the 

excised zone on the general 2D spot pattern. 

 

2.6. Phagocytosis assay 

 

The phagocytic activity was measured using fluorescent latex beads (1 µm diameter, green 

labelled, catalog number L4655 from Sigma), as described previously [37,38]. After a 2h30 

treatment with the fluorescent beads in culture medium at 37°C, the cells were harvested in 

PBS).  Phagocytic activity was measured by flow cytometry on a FacsCalibur instrument 

(Beckton Dickinson).  

 

2.7. F-Actin staining 

 

The experiments were performed essentially as previously described [39]. The cells were 

cultured on coverslips placed in 6-well plates, and exposed to copper ion, polyacrylate or both, 

as described above. At the end of the exposure time, cells were washed twice for 5 min at 4°C 

in PBS, fixed in 4% paraformaldehyde for 30 min at room temperature. After two washes (5 

min/4°C in PBS), they were permeabilized in Triton X100 (0.1% w/v) for 5 min at room 

temperature. After two more washes in PBS, Phalloidin-Atto 550 (Sigma) (500 nM) was 

added to the cells and let for 20 min at room temperature in the dark. Coverslips-attached 

cells were washed, placed on microscope slides (Thermo Scientific) using a Vectashield 

mounting medium containing DAPI (Eurobio) and imaged using a Zeiss LSM 800 confocal 

microscope. The images were processed using the ImageJ software. 

 

2.8. Mitochondrial transmembrane potential measurement 

 

The mitochondrial transmembrane potential was assessed by Rhodamine 123 uptake [40], 

using a low Rhodamine concentration (80 nM) to avoid intramitochondrial fluorescence 

quenching that would result in a poor estimation of the mitochondrial potential [41]. The 

samples were analyzed by flow cytometry on a FacsCalibur instrument (Beckton Dickinson). 

Both the proportion of rhodamine positive cells and the mean fluorescence of this population 

were recorded in the analysis.  

 



2.9. Glutathione assay 

 

Cellular reduced glutathione was assayed by an in vivo conjugation assay [27] based on the 

conjugation of glutathione to  chlorodinitrobenzene by the cellular glutathione S-transferases 

[42].  

 

2.10. NO and cytokines production  
 

The cells were grown to confluence in a 6 well plate and pre-treated with copper ion, 

polyacrylate or both, as described above. For the final 18 hours of culture, half of the wells 

were treated with 100 ng/ml LPS (from salmonella, purchased from Sigma), and arginine 

monohydrochloride was added to all the wells (5 mM final concentration) to secure a high 

concentration of substrate for the nitric oxide synthase. After 18 hours of incubation, the cell 

culture medium was recovered, centrifuged at 10,000 g for 10 minutes to remove cells and 

debris. The supernatants were used for nitrite determination by the Griess reagent [27] and for 

cytokine measurements using a cytokine bead assay (BD Cytometric Bead Array, catalog 

number 552364 from BD Biosciences).  

 

3. Results and Discussion 

 

3.1. Cellular copper uptake and content 

Previous experiments have shown that copper ion in the 100-200 µM range was sufficient to 

induce functional effects on macrophages after a 24 hours exposure [38]. We thus started by 

fixing a 150 µM concentration for the copper ion concentration. We then determined the 

polyacrylate concentration that, in combination with 150 µM copper ion, induced a cellular 

mortality of less than 20% after a 24 hours exposure, leading to the 0.25mg/ml value used. 

This concentration was added as polyacrylate alone as a further control condition. The 

rationale for using polyacrylate as a copper carrier was that polyacrylate is known to bind to 

the scavenger receptor [43], and is thus targeted to the endosomal/lysosomal pathway, where 

the CTR2 copper transporter is located [20,21]. Conversely, free copper ion is supposed to be 

transported by the plasma membrane transporter CTR1[44], although the divalent metal 

transporter DMT1 can also play a role [45].  

 

We first checked if this exposure led to an increase in the intracellular copper concentration, 

and to which extent. Thus, in a first series of experiments, the copper concentration of the 

total cell lysate was determined by ICP-MS after a 24 hours exposure to copper ion, 

polyacrylate and copper-polyacrylate. The background value was 16±15 ng/mg cellular 

protein (untreated cells) while cells treated with polyacrylate alone showed a copper content 

of 6±1 ng/mg cellular protein (not significantly different, p=0.43). Cells treated with 150µM 

copper ion showed a copper content of 8370±1750 ng/mg cellular protein, while cells treated 

with copper ion and polyacrylate showed a copper content of 6900±1780 ng/mg cellular 

protein. The two latter values were not significantly different (p=0.36) while the two values 

obtained for copper treated cells were significantly different from those obtained for cells 

untreated with copper (p<0.025). The fact that the copper ion and copper-polyacrylate 

treatments induced a similar total intracellular copper content suggests that possible 

differential effects should not be linked to the total intracellular copper concentration by itself, 

but rather to the differences in the entry pathways and thus in the subcellular distribution of 

copper.  

 



In order to gain further insight in the difference of copper uptake pathway, which was 

expected in our experimental scheme, the cellular copper content was determined after 4 

hours of exposure both in the particulate fraction, containing the mitochondria, the endosomes 

and the peroxisomes, and in the supernatant fraction. This time frame was selected to be short 

enough to avoid complete intracellular equilibration, which could take place in a 24 hours 

exposure, but long enough to allow sufficient and measurable copper accumulation. The 

results, displayed in Table 1 (with the original data in Suppl. Table 1), showed that in 

unexposed conditions, the majority of the cellular copper was found in the particulate fraction. 

However, when cells were exposed to excess copper, the majority of the cellular copper was 

found in the supernatant fraction. This may be due to metallothionein induction by copper, 

although the selected copper concentration may be borderline to induce metallothioneins [46], 

but also to the fact that many cellular proteins are able to bind copper when present in excess 

[47,48]. 

 

Table 1 : copper ion concentration in cellular fractions 

 

condition Cu particulate (P) Cu supernatant (S) Cu (P+S) 

    

control 42.5±10.8 23.6±11 27.8±10.6 

    

polyacrylate 41.5±3.9 15.1±2.5 19.9±2.3 

    

Cu ion 465.7±73.1* 2657±312* 2355±283* 

    

Cu-polyacrylate 759±76.7*† 2376±219* 2156±204* 

    
 
Copper concentrations are expressed in ng copper/mg cellular proteins.  

Protein concentrations in the particulate fractions were 0.35±0.1 mg/ml, and 1.87±0.28 in the 

supernatant fraction, and were not significantly different between the copper-treated and non-treated 

samples (see supplementary Table 1 for details) 

* : significantly different from control (p<0.01) 

† : significantly different from copper ion (p<0.01) 

 

Moreover, while there was no significant difference in the total copper concentration between 

the samples treated with copper ion and those treated with the copper-polyacrylate complex, 

the particulate fraction of the copper-polyacrylate complex-treated samples contained 

significantly more copper than the particulate fraction of the copper ion-treated samples 

(p<0.01). No significant difference could be observed between the control and polyacrylate-

treated samples. These results on short exposure experiments support our initial hypothesis 

that copper ion and copper-polyacrylate complex do not use the same pathways to enter the 

cells.  

 

3.2. Global analysis of the proteomic results 

 

Representative 2D gel images are shown on Figure 1, and all the raw images used for this 

project are available in Suppl Figs 1-4. 2442 spots were detected and quantified on the gels 

(Suppl Table 2), of which 164 were significantly altered (p<0.05) by at least one of the 

treatments and unambiguously identified by mass spectrometry (Suppl. Table 3). The 



identification parameters are given in Suppl Table 4. As another statistics-based selection, a 

Mann Whitney U-test was performed and the proteins showing a U value of 0 (i.e. 

unidirectional p-Value of 0.05) were selected (Suppl Table 5). These selection criteria meant 

in turn that for a protein appearing as multiple spots, a significant change for one spot was 

considered as significant for the protein, as a modified form may have a strongly modified 

activity (increased or decreased) compared to the main spot owing to classical post-

translational modifications such as phosphorylation (e.g.in [49]) or acylation [50] or to 

oxidation through an oxidative stress mechanism (e.g. in [51]). 

 



 
 



 
Figure 1 :  Proteomic analysis of total cell extracts by 2D electrophoresis 

Total cell extracts of RAW274.7 cells were separated by two-dimensional gel electrophoresis. The first dimensions 

covered a 4-8 pH range and the second dimension a 15-200 kDa range. Total cellular proteins (150 µg) were loaded 

on the first dimension gel.  

 

A,E: gel obtained from unexposed cells 

B,F: gel obtained from cells exposed to 150 µM copper sulfate 

C,G: gel obtained from cells exposed to 0.25 mg/ml polyacrylate 



D,H:  gel obtained from cells exposed to 0.25 mg/ml polyacrylate + 150µM copper sulfate 

 

The colors in the web version of the figure have been chosen only for legibility purposes. 

 

As the treatments used (i.e. copper ion, polyacrylate or their combination) are not independent, 

but linked together, we used the proteomic data to perform a hierarchical clustering analysis, 

in order to determine how the effects of the different treatments applied on cells ranked 

compared to the control situation. Hierarchical clustering has the advantage to be insensitive 

to null or missing values, thereby requiring no data imputation, and is generally easy to 

interpret. These features explain why it has been one of the first methods used to globally 

analyze proteomic results [52–54], and is still used to sort the relative impact of various 

conditions in a multi conditions experimental scheme (e.g. in [27,55–57].  

The results are shown on Figure 2. The biological replicates for each condition were grouped 

together, and the clustering pattern indicated that the two treatments containing polyacrylate 

(i.e. polyacrylate alone and copper+polyacrylate) were more different from the control than 

the treatment with copper ion alone. Although counterintuitive in the frame of effects mainly 

driven by copper, this result represents the overall outcome of the proteomic experiments. 

When interpreting this result, it should be kept in mind that this analysis takes into account all 

the 2442 spots. Thus, coordinated changes, which appear as not significant when taken 

individually, are very likely to impact the clustering. Thus, this method may prove sensitive to 

weak but coordinated changes that escape the classical, statistics-based, protein selection used 

in most of the proteomic experiments.  

 
Figure 2: Global analysis of the proteomic experiment by hierarchical clustering 

 
Quantitative proteomic data (i.e. spots intensities in 2D gel-based proteomics) were used to determine the 

similarities between biological samples. The PAST software package was used for the calculations, using 

the Gower similarity index and a Paired group algorithm. This tree indicates the similarity between the 

various experimental groups (the higher the distance of the branching point between groups, the more 

dissimilar they are). 

 

Ctrl(1-3) : unexposed cells 

ion(1-3) : cells exposed to 150 µM copper sulfate 



PAA(1-3) : cells exposed to 0.25 mg/ml polyacrylate 

PaCu (1-3): cells exposed to 0.25 mg/ml polyacrylate + 150µM copper sulfate 

 

Biologically speaking, this result suggests that polyacrylate alone has a significant impact on 

macrophages. In this respect, the situation is clearly different from the one observed with the 

hydroxyquinoline-copper complex, where hydroxyquinoline alone showed a weak impact on 

the proteome [27].  

 

3.3. The ubiquitine proteasome pathway is altered by copper treatment 

 

As a first screen of the proteomic results, pathway analyses were carried out for each 

treatment using the DAVID tool [58] (Suppl Tables 6-8). In the case of copper ion, pathway 

analysis highlighted the proteasome (Suppl Table 6). This pathway was also detected for the 

copper-polyacrylate complex treatment (Suppl Table 8), which was biologically consistent.  

 

3.4 Central metabolism enzyme activities are altered by copper and/or polyacrylate 

treatments 

 

One other major pathway that was altered is "carbon metabolism", which appeared in all 

conditions (Suppl Tables 6-8). Enzymes belonging to the major classes of the central 

metabolism were found modulated such as enzymes of the pentose phosphate pathway, 

glycolysis, and amino acid metabolism. This prompted us to further test some of these 

enzymes in targeted experiments, and the results are displayed in Table 2.  

 

Table 2: Enzyme activities  

 

 

Enzyme † control Copper ion Polyacrylate Polyacrylate+Cu 

AATC 3.92±0.58 4.08±0.95 4.33±0.63 5.33±0.63*
§
 

enolase 281±13 257±5
§
 213±21*

§
 131±7**

§
 

GAPDH 94 .2±7.1 94.5±8.2 88.9±4.3 78.2±3.5*
§
 

LDH 108±1 110±9 104±8 97±11
§
 

LGUL 27.9±1.7 30.3±1.1 35.9±2.7*
§
 31.7±1.8

§
 

MDH 41.8±2.8 37.7±1.6 37.3±0.8
§
 31.7±2.0*

§
 

PNPH 15.8±2.2 23.4±2*
§
 12.5±2 13.7±4.5 

TALDO 20.4±0.5 21.1±0.6 23.1±1.1*
§
 20.1±1.1 

 
† enzymes full names :  

aatc : aspartate aminotransferase ; GAPDH : glyceraldehyde phosphate dehydrogenase ; LDH : lactate 

dehydrogenase ; LGUL : lactoylglutathione lyase ; MDH : malate dehydrogenase ; PNPH : purine 

nucleotide phosphorylase ; TALDO : transaldolase ;  

All activities are expressed in nmole substrate converted/min/mg total protein.  

*   p<0.05 in the treated vs control comparison (Student T test) 

**  p<0.01 in the treated vs control comparison (Student T test) 

§  p<0.05 in the treated vs control comparison (Mann Whitney U test) 

 

 

One activity (enolase) was changed by all treatments. Copper ion modulated a second activity 

(purine phosphorylase). In addition to enolase, polyacrylate modulated another three enzyme 

activities (lactoylglutathione lyase, malate dehydrogenase and transaldolase). Besides enolase, 

copper-polyacrylate modulated another five activities, of which two ((lactoylglutathione lyase 



and malate dehydrogenase) were also modulated by polyacrylate. Three additional activities 

(aspartate aminotransferase, glyceraldehyde phosphate dehydrogenase and lactate 

dehydrogenase) were modulated only by the copper-polyacrylate complex. Thus overall, 

copper-polyacrylate was the treatment with the most important impact on metabolic enzymes.  

 

 

3.5. Use of enzyme activities to back-probe proteomic results 

 

Proteomics and transcriptomics share the fact that they highlight differences based on 

amounts only. However, biology inference is made from amounts to function in most of the 

omics publications, either directly or indirectly through pathway analyses. This direct 

inference has been pointed as a potential issue [59], especially when confronted with the 

multiple layers of cellular regulations, as recently reviewed [60]. In this global frame, 

enzymes are one of the very few examples where the relevant biological outcome (i.e. the 

activity) can be relatively easily measured, allowing in turn to assess important features for 

the proteomic analyses, such as the positive predictive value (i.e. number of true positives 

/(number of true positives+number of false positives), or the sensitivity (number of true 

positives detected by proteomics/ total number of true positives). We thus compiled the 

statistical values for the proteomic experiments and the enzyme activity measurements in 

Suppl Table 9. Taking the assumption that a true positive is an enzyme activity change at 

p≤0.05, then the positive predictive value (PPV) of 2D gel proteomics at the p≤0.05 threshold 

is 50 % (7/14), with a sensitivity of 77 % (7/9). Although this PPV value is very close to the 

40% PPV value that can be calculated from a shotgun proteomic experiment on mitochondria 

[61], these values should be not taken as generic, and may vary greatly from one proteomic 

experiment to another.  

It may be argued that enzymes may be regulated differently from other cellular proteins. 

However, the scope of proteins identified in phosphoproteome [62] or acetylome [63] studies 

extends far beyond enzymes, so that assuming that enzymes are not regulated by different 

mechanisms than other proteins appears reasonable. This suggests that the statistical values 

obtained when comparing proteomic to activity results for enzymes may be extended globally 

to the complete proteomic experiment.  

This question is further complicated in the case of 2D proteomics because many proteins, 

including enzymes, appear as multiple spots, and it is thus difficult to correlate a priori the 

biological activity with a subset of spots or the sum of all spots corresponding to the same 

protein. Beyond simple correlative approaches (e.g. in [40]) we were able to address this 

question for malate dehydrogenase, for which 2D zymography was successful. The results, 

shown in Figure 3, assigned the activity to the two most-basic spots identified on the 2D gels. 

  



 
 
Figure 3: Assignment of active protein forms for malate dehydrogenase activity 

 

500 µg of total cellular extract from control cells were loaded on two 2D gels run in parallel. One gel was directly 

stained by colloidal Coomassie blue (A). On the unstained second gel, a gel piece was cut according to the dashed 

rectangle drawn on the stained gel. The gel piece was then submitted to in gel renaturation and then detection of the 

malate dehydrogenase activity (B), and finally to counterstaining by colloidal Coomassie blue (C).  

Vertical arrows: position of the malate dehydrogenase spots 

arroweads : landmark proteins.  

 

3.6. Mitochondrial function is maintained at non-toxic copper concentrations 

 

The keyword « mitochondrion » also appeared in the pathway analysis (Suppl Tables 6-8). 

This is not surprising, as mitochondria are known to be an important actor in intracellular 

copper storage and homeostasis [64]. In this frame, the observed increase of the copper 

concentration in the particulate fraction (containing mitochondria) after a 4 hours exposure to 

copper ion (Table 1) strongly suggests an increase in intramitochondrial copper concentration, 

with potential deleterious effects.  We thus investigated the global functioning of 

mitochondria by probing the transmembrane mitochondrial potential. The results, shown on 

Figure 4, indicated a small but significant (p<0.01) reduction in the proportion of rhodamine-

positive cells upon treatment with copper-polyacrylate complex, suggesting a decreased 

viability induced by this treatment. This was in line with the known slight mortality induced 

by the copper-polyacrylate treatment.  

 



 
 
Figure 4 : Analysis of the mitochondrial transmembrane potential  

 

The mitochondrial potential was analyzed by the rhodamine 123 accumulation method 

black bars: proportion of positive cells in the viable cell population 

grey bars: mean cellular fluorescence  

 

Ctrl : unexposed cells 

Cu
2+

 : cells exposed to 150 µM copper sulfate 

PAA : cells exposed to 0.25 mg/ml polyacrylate 

PaCu : cells exposed to 0.25 mg/ml polyacrylate + 150µM copper sulfate 

Symbols indicate the statistical significance (Student T- test): *: p<0.05 ; **:p<0.01 ; ***: p<0.001 

 

In addition, it should be noted that most of the significant changes in the amounts of 

mitochondrial proteins induced by the various treatments are increases. This strongly suggests 

that these increases are a compensatory mechanism set in place by the cells to maintain 

mitochondrial function in spite of the increased copper content, explaining the constant 

transmembrane mitochondrial potential that we observed. Interestingly, the type of effects 

(reduction in proportion of rhodamine-positive cells, no effect on the value of the 

transmembrane mitochondrial potential) were also observed with the hydroxyquinoline-

copper complex [27].  

 

3.7. The reduced glutathione level is decreased by copper 

 

One of the proteins that was strongly induced after treatment with copper ion or copper-

polacrylate complex was GCLM, i.e. the regulatory subunit of the enzyme involved in the 

first step of glutathione biosynthesis, which is the limiting step of the pathway [65]. We thus 

investigated the levels of free glutathione, as previous studies have shown a reduction in the 

levels of free glutathione upon treatment of macrophages with copper-quinoline complexes 

[27]   or copper oxide nanoparticles [38]. The results, shown on Figure 5, indicated a 

significant reduction upon treatment with copper or copper complex, but not with 

polyacrylate alone, following the trend indicated by GCLM expression. Thus, copper in all its 

forms i.e. ionic, as a polyacrylate complex (this study), as a hydroxyquinoline complex [27] 

or as nanoparticles [38], induces a decrease in the cellular content of free glutathione. 

 



 
 
Figure 5 : glutathione levels 

The glutathione level was measured by the CDNB conjugation method, and normalized to the protein 

content of the cells 

 

Ctrl : unexposed cells 

Cu
2+

 : cells exposed to 150 µM copper sulfate 

PAA ; cells exposed to 0.25 mg/ml polyacrylate 

PaCu : cells exposed to 0.25 mg/ml polyacrylate + 150µM copper sulfate 

Symbols indicate the statistical significance (Student T- test): *: p<0.05 ; **:p<0.01 ; ***: p<0.001 

 

 

3.8. The actin cytoskeleton and phagocytic activity are altered by treatment with 

polyacrylate and copper-polyacrylate 

 

The proteomic screen (Table 2) and the pathway analysis pointed to actin cytoskeleton as one 

of the major modulated function upon copper treatment, for example through proteins 

involved in cell shape, adhesion and motility (Suppl Tables 6&8).  As a change in COATL 

detected by proteomics correlated with changes in the actin cytoskeleton [66], this prompted 

us to test how actin cytoskeleton responded to the treatments used in this study. The results, 

shown on Figure 6 A-D, indicated a minimal effect of copper ion on the actin cytoskeleton 

and especially on the membrane spikes, which were more decreased upon treatment with 

polyacrylate and even more upon treatment with the copper-polyacrylate complex.  



 
Figure 6 : Actin cytoskeleton and phagocytosis 

 

In panels A-D, the actin cytoskeleton was visualized with fluorescent phalloidin and confocal 

microscopy. Only one confocal plane inside the cells is shown ( going through the cell nucleus) 

Examples of membrane spikes are indicated by white arrowheads 

A : unexposed cells 

B : cells exposed to 150 µM copper sulfate 

C ; cells exposed to 0.25 mg/ml polyacrylate 

D : cells exposed to 0.25 mg/ml polyacrylate + 150µM copper sulfate 

 

 

In panel E, the phagocytic capacity was assessed by fluorescent latex beads internalization 

black bars: proportion of positive cells in the viable cell population 

grey bars : mean cellular fluorescence  

Ctrl : unexposed cells 

Cu
2+

 : cells exposed to 150 µM copper sulfate 

PAA ; cells exposed to 0.25 mg/ml polyacrylate 

PaCu : cells exposed to 0.25 mg/ml polyacrylate + 150µM copper sulfate 

 

Symbols indicate the statistical significance (Student T- test): *: p<0.05 ; **:p<0.01 ; ***: p<0.001 

 

 

Phagocytosis is one of the major functions of macrophages, and depends on the actomyosin 

system. We thus tested this function, as changes in lysosomes-associated proteins were also 



observed. The results, on Figure 6E, indicated no effect of copper ion but an important and 

similar effect of polyacrylate and copper-polyacrylate complex, both in the proportion of 

phagocytic cells and in the phagocytic capacity of the phagocytic cells.  

Combined with previous results obtained on copper ion and nanoparticles [38], these results 

clearly show that copper ion at subtoxic concentrations has no impact on phagocytosis. An 

impact is obtained only when the endosomal/lysosomal pathway is at play, either by a 

polymer binding to the scavenger receptor (polyacrylate here) or by nanoparticles [38]. These 

nanoparticles do not need to contain copper, as silica nanoparticles or carbon nanotubes also 

induce a decrease in the phagocytic activity [40,67,68]. The only case in which an effect of 

copper on phagocytosis without being macromolecular or particular is as a hydroxyquinoline 

complex [27]. In this case however, we do not know whether the hydroxyquinoline ionophore 

brings copper only in the cytosol or is also able to bring copper into the endosomes. 

In the frame of this study, it is also worth noting that a fair proportion of the proteins that are 

selectively and significantly modulated by the copper-polyacrylate treatment (Suppl. Table 5) 

are cytoskeletal proteins, which correlates well with the massive alteration of the cytoskeleton 

observed upon treatment with the copper complex.  

Taken at a higher level, cell shape and cytoskeleton involve a large number of proteins. This 

suggests that important changes in cell shape such as those observed in response to 

polyacrylate and copper-polyacrylate involve a large number of changes at the protein level or 

at the proteoform level, as many proteins involved in the cytoskeleton are controlled by 

phosphorylation (e.g. cofilin [69], Rho GDIs [70], arpc5[71], gelsolin [72] or Arp2 [73]). 

Consequently, many coordinated changes of maybe weak amplitude can be expected when 

cell shape changes. This may explain why such changes are strongly detected in the global 

proteomic data screening (i.e. hierarchical clustering) but not as easily by individual protein 

detection.  

 

3.9. The inflammatory responses are altered in a complex way by copper and by 

polyacrylate 

 

Although inflammatory responses did not appear in the pathway analysis, analysis of the 

proteomic data showed modulations of several proteins pointing at potential changes in the 

inflammatory responses upon exposure to copper and/or polyacrylate. For example, 2D gel-

based proteomics highlighted modulations of nmrl1 (Q8K2T1), tollip (Q9QZ06), vps29 

(Q9QZ88) and latexin (P70202). This prompted us to investigate the inflammatory responses 

with and without an additional stimulation by LPS. Responses without LPS stimulation point 

at the intrinsic effects of the treatments with copper and/or polyacrylate, while responses with 

LPS stimulation point at the interference of the treatments with the responses of macrophages 

to bacteria. The results, shown on Figure 7, indicate no effect of polyacrylate (except for 

LPS-induced NO and IL-6 production), but effects of copper. Rather surprisingly, basal 

production of NO and TNF followed opposite trends. NO production was induced upon 

treatment with copper ion and reduced upon treatment with polyacrylate±copper (Figure 7A, 

black bars), while the opposite was observed for TNF (Figure 7B). An increase in NO 

production was also observed upon treatment with the hydroxyquinoline-copper complex and 

with hydroxyquinoline alone [27] . This exemplifies another case in which the ancillary 

molecule used to modulate copper entry had an intrinsic effect, just as polyacrylate alone for 

phagocytosis. These results also showed that copper polyacrylate did not behave as other 

forms of copper for NO production.  



 
 

 
Figure 7 : inflammatory responses 

The secretion of NO, Interleukin-6 and TNF alpha was measured in response to either copper alone, or to 

both copper and LPS.  

 

Ctrl : unexposed cells 

Cu
2+

 : cells exposed to 150 µM copper sulfate 

PAA ; cells exposed to 0.25 mg/ml polyacrylate 

PaCu : cells exposed to 0.25 mg/ml polyacrylate + 150µM copper sulfate 

 

A : Production of nitric oxide  

black bars : production after treatment for 24 hours with copper and/or polyacrylate 

grey bars : production after treatment for 24 hours with copper and/or polyacrylate and stimulation with 

LPS for the last 18 hours of culture.  

 

B: production of TNF in absence of LPS stimulation 



 

C: production of interleukin-6 in the presence of LPS stimulation 

(no interleukin-6 secretion was detected in the absence of LPS stimulation) 

 

D : production of TNF in the presence of LPS stimulation 

 

Symbols indicate the statistical significance (Student T- test): *: p<0.05 ; **:p<0.01 ; ***: p<0.001. † p< 

0.05 in the Mann-Whitney U-test 

 

 

In the case of LPS-induced secretions, pre-treatment with copper ion or copper complex 

always induced a decrease in the production of pro-inflammatory mediators, whether NO 

(Figure 7A, grey bars) or interleukin 6 (Figure 7C) or TNF (Figure 7D). This decrease of 

NO production after LPS stimulation has been already observed on another macrophage cell 

line with copper ion, copper oxide nanoparticles [38] and hydroxyquinoline-copper complex 

[27]. Of note, polyacrylate alone also induced a decrease in the response to LPS, both for NO 

(Figure 7A, grey bars) and for interleukin 6 (Figure 7C), but not for TNF (Figure 7D). Such 

decoupled responses for NO, interleukin 6 and TNF after LPS stimulation has been observed 

for silver and silica nanoparticles [56,57], which both enter macrophages using scavenger 

receptor [74,75], as polyacrylate [43]. 

 

 

4. Concluding remarks 

 

Together with previous work carried out under slightly different conditions on the 

hydroxyquinoline-copper complex [27] or on copper nanoparticles [38], this work allows 

comparing the effects of copper ion under three different entry modes, i.e. as ion alone, 

hydroxyquinoline-copper complex and copper-polyacrylate complex. Some basic responses 

are shared by all entry modes, such as the decrease in the free glutathione concentration or the 

maintaining of the mitochondrial transmembrane potential, at least under sub-toxic conditions. 

Some differentiated responses of the macrophages are also shared by all forms of copper ion, 

such as the reduction in the LPS-induced NO production.  

Conversely, different responses can be observed with different forms of copper. For example, 

a reduction in the phagocytic capacity is observed with both copper complexes but not with 

copper ion. Even more specifically, central metabolic enzyme activities (except enolase) are 

altered by the copper-polyacrylate complex but not with copper ion. These differential 

responses cannot be simply attributed to intracellular copper levels, as these are not 

significantly different between copper ion and copper-polyacrylate complex. Thus, subtle 

differences in the entry mode of copper or synergies with the polyacrylate carrier may explain 

these differences, although the molecular details underlying these differences are still unclear. 
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