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Abstract 

Many uncertainties remain regarding the potential toxic effect of nanoparticles (NPs). NPs could cross 

biological barriers, be carried in blood to kidneys and damage renal cells. Yet, there is little data regarding 

NPs nephrotoxicity. The aim of this study was to understand the cytotoxic mechanisms induced by metallic NPs 

with different solubility properties (TiO2, ZnO, CdS). Studies were performed in vitro on human epithelial 

tubular cells (HK-2). Cellular and molecular were investigated through oxidative stress status. By WST-1 assay it 

was found that cytotoxicity of NPs was dependent on particle size and metal solubility. Exposure to soluble CdS 

and ZnO NPs led to cell death in a dose-dependent manner related to release of metallic cations (Cd
2+

 and 

Zn
2+

). Insoluble TiO2 NPs had no cytotoxic effect. Analysis of ROS production and lipid peroxidation clearly 

indicated the involvement of oxidative stress in cell toxicity. Soluble ZnO and CdS NPs caused lysosomal 

membrane destabilization (acridine orange), and nuclear condensation (DAPI). A molecular approach was used 

for signaling pathways. ZnO and CdS NPs induced translocation of Nrf2 and NF-kB, and induction of antioxidant 

enzymes. TiO2 NPs did not cause lysosomal membrane destabilization or nuclear condensation. TiO2 NPs slightly 

activated Nrf2 nuclear but no significant NF-kB nuclear translocation was observed. For TiO2, oxidative stress 

was not sufficient to trigger membrane disruption. This study provides additional knowledge about the renal 

toxicity of NPs. Release of metal ion represented an important factor for determining toxicity. This in vitro 

assay constitutes an additional step in nanomaterial safety assessment. 

 

Introduction 

Owing to the wide and growing number of applications of nanoparticles (NPs), there is a need to investigate 

their biological effects and impact on human health. The attractive properties of nanomaterial included their 

small size, large surface area, and high reactivity. However, these may contribute to the toxicological profile of 

NPs in biological systems, as observed from in vivo and in vitro studies comparing NPs with their fine 

counterparts 
1, 2

. Due to their small size NPs can translocate to the blood stream resulting in systemic 

distribution all over the body. Additionally, their nanosize can facilitate cellular uptake and trigger injurious 

response. Studies on the biological effects of NPs were often focused on pulmonary toxicity. However, their 

potential effects could be different depending of cell type. There have been a limited number of studies 
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assessing the renal toxicity of metallic NPs although kidneys can be considered as secondary major sites after 

inhalation, ingestion or injection and circulation in the blood stream 
3, 4

. Furthermore, owing to high blood 

supply, kidneys have the ability to concentrate NPs, and in particular metallic NPs. The influence of NP size or 

surface treatment on renal tissue distribution has been investigated in vivo, and it was reported that metallic 

NPs distributed in the kidneys could cause damage to the glomerular and/or tubular regions 
5-8

. Acute toxicity 

with kidney injuries has been observed with TiO2 NPs after oral and intraperitoneal administration in mice 
9, 10

. 

Moreover, exposure to other metallic NPs clearly led to renal cell damage as reflected by altered blood 

biochemical indexes, in particular noticeable changes in urea, nitrogen, and creatinine levels 
11, 12

.  

Metallic NPs are widely used not only in industry and medicine but also in various consumer products such as 

cosmetics, sunscreens, textiles, and food products 
13

. For instance, TiO2 NPs have excellent optical performance 

and electrical properties, and are produced for applications in paints and coatings but also in cosmetics where 

they are used as a UV-absorber. ZnO NPs are widely used as polymer fillers, UV absorbers but also used as 

antibacterial and antifungal-agents when incorporated into materials such as surface coatings (paints), textiles, 

and plastics. Cadmium is used in the construction of quantum dots (QDs), which are semiconductor metalloid 

crystal structures that have unique optical and electronic properties. QDs distribution in the kidney have been 

reported 
11, 14, 15

. Because shells and coatings of QDs can be degraded, their cadmium content can be released 

and induce renal cell damage. In previous studies we have investigated the cytotoxicity of TiO2, ZnO, and CdS 

NPs in glomerular and tubular cell lines 
16, 17

 and we found differences in cytotoxicity that was dependent on NP 

metal composition but also on cell type. However, solubility may also be an important factor to consider, as it 

was already established that the ionized form of metals is responsible for the cellular toxicity 
18-21

. In addition, it 

wa reported that dissolution of ZnO NPs and Zn
2+ 

release was capable of ROS generation and activation of 

cytotoxic pathways 
22

. Previous studies on NP toxicity have also reported that ROS formation and oxidative 

stress, which induced a wide variety of cellular events, such as induction of antioxidant enzymes, oxidative 

damage and apoptosis, are among the most important toxic mechanisms related to NP exposure 
23-26

. The 

modification of intracellular redox potential is generally associated with activation of ubiquitous transcription 

factors 
27, 28

. Nuclear factor kappaB (NF-κB), activated by oxidative stress, induces the expression of a variety of 

proteins that function in the immunological and cellular detoxifying defense system, regulated by the 

intracellular redox status 
29

. When activated by oxidative stress, nuclear factor-E2-related factor-2 (Nrf2) breaks 

free from Keap1 and translocates into the nucleus, where it binds to an antioxidant responses element (ARE), a 
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cis-acting enhancer sequence that mediates the transcriptional activation of genes in response to oxidative 

stress, including Heme oxygenase (HO-1) Superoxide dismutase (SOD-1) or catalase (CAT) 
30

.  

The current study aimed to investigate the cytotoxic mechanisms induced in vitro on a renal cell line by metallic 

NPs and focuses on TiO2, ZnO, and CdS that have different solubility. We first determined the solubility and 

cytotoxicity of the NPs tested and then investigated the cellular damages related with oxidative stress 

induction. Oxidative stress was evaluated by increase of reactive oxygen species (ROS) production and lipid 

peroxidation, lysosomal membrane destabilization, and nuclear morphological modifications. To understand 

the molecular mechanism of NPs-induced oxidative stress, we investigated antioxidant gene transcription (OH-

1, SOD, CAT, gluthathion peroxidase Gpx, glutathione transferase GST-pi, thioredoxin redutase TRNX-R) and 

redox-sensitive transcription factor, such as Nrf2 and (NF-κB). For this in vitro study, assays were conducted on 

the human proximal epithelial tubular cell line HK-2. Owing to the physiological role of tubular cells by active 

and passive cell transport of metabolism products and xenobiotics, these cells were involved in intensive 

accumulation. Additionally, this line wss widely used in the in vitro study of tubular damage and has proved 

useful in the study of different nephrotoxic xenobiotics 
31-33

.  

 

Results 

NPs Characterization 

Differences in the characteristics of particles have been shown to play important role in NP toxicity. Thus, 

physicochemical parameters were assessed before experiments. The properties of certain NPs have previously 

been described and are summarized in Table 1 
17

. Particle average diameters were determined using 

transmission electron microscope fitted with a camera and using ImageJ software. Particles were calculated 

with a diameter of 12,2  ± 2.2 nm and 200 ± 7 nm for TiO2 NPs and µPs, 75 ± 19 nm and 420 ± 200 nm for ZnO 

NPs and µPs, 8 ± 1 nm and 1045 ± 44 nm for CdS NPs and µPs, respectively. Additionally, NP solubility was 

measured using optical emission spectrometry ICP-OES after 0 and 24 h in RPMI medium (Figure 1). 

Immediately after NP solution preparation (0 h), ZnO NPs and CdS NPs were found to be partially soluble at the 

concentration used. The proportion of dissolved Zn at 16 µg/ml was 27 % (4.3 µg/ml) at 0 h, and was 33 % (5.2 

µg/ml) after 24 h; a plateau was reached from 8 µg/ml. The proportion of dissolved CdS at the highest 

concentration (16 µg/ml) was 6 % at 0 h and was 9 % after 24 h. TiO2 NPs were insoluble at both 0 and 24 h.  
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Cell Cytotoxicity – Effect of NPs solubility 

Investigation of the cytotoxic effects of TiO2, ZnO, and CdS NPs on HK-2 cells and comparison with micro and 

soluble forms allows a better understanding of the physicochemical parameters involved in NP toxicity. Nano- 

(ZnO NPs), micro- (ZnO μPs), and soluble (ZnCl2) forms of zinc element induced cell mortality with close 

cytotoxicity curves. IC50 were 3.4 ± 0.4 µg/cm² for ZnO NPs, 5.03 ± 0.4 µg/cm² for ZnO μPs, and 4.2 ± 0.2 µg/cm² 

for ZnCl2, which suggests that nanoscale was not involved in ZnO toxicity (Figure 2A).  

To determine whether the observed cytotoxicity was due to cation release in the culture medium, the same 

experiment was performed in the presence of EDTA (Ethylenediaminetetraacetic acid). The latter is chelating 

agent with affinity for divalent cations, which after being bound by EDTA, remain in solution but exhibit 

diminished reactivity. ZnO NP toxicity was lowered after Zn
2+

 chelation by EDTA. At 5 µg/cm² cell mortality was 

decreased from 67.5 ± 2.5  % to -2.6 ± 3.2 % (Figure 2B), which strongly suggests the involvement of metal 

cations (Zn
2+

) in cytoxicity and confirmed the important role of Zn solubility. 

For CdS, cell mortality was observed for CdS NPs but not for CdS μPs after 24 h exposure, which confirmed the 

importance of size in cytotoxicity. A higher toxicity was observed with soluble CdO compared to CdS (Figure 

2C), which could be explained by a greater release of Cd
2+

 ions by CdO that was soluble at the concentrations 

used whereas CdS NPs were partially soluble, as shown previously (Figure 1). CdS NP toxicity was lowered after 

Cd
2+

 chelation with EDTA; at 7 µg/cm² cell mortality was decreased from 52.8 ± 3.2 % to 12.9 ± 7.2 % (Figure 

2D), which strongly suggests involvement of metal cations (Cd
2+

) in CdS NP toxicity. Absence of CdS µPs toxicity 

was due to a lower solubility of this compound compared to CdS NPs. For TiO₂, neither NPs nor µPs induced 

cytotoxic effects when exposed for 24 h (Figure 2E), which can be explained by the insolubility of these 

particles. 

Oxydative Stress 

ROS Production: The ability of NPs to induce intracellular ROS production in HK-2 cells was assessed using 

DCFH, which reacts with hydoxyl radical and is transformed to a highly fluorescent compound DCF. All NPs 

tested induced an increase of intracellular ROS production: CdS NPs were the most reactive reaching 161  ± 16 

% fluorescence intensity of control at the lowest concentration (5 μg/ cm
2
); TiO2 and ZnO NPs reached 124 ± 12 

% and 139 ± 18 % fluorescence intensity of control, respectively, at the highest concentration (20 μg/ cm
2
; 

Figure 3A).  
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These results suggested that ROS formation was associated with NP cytotoxicity. To confirm this hypothesis an 

antioxidant, N-acetylcysteine (NAC), was co-incubated with cells exposed to NPs and cell cytotoxicity 

investigated. NAC significantly reduced cell mortality induced by 10 µg/cm² ZnO NPs from 80 ± 2 % to 13 ± 7 % 

(Figure 3B), and 7 µg/cm² CdS NPs from 63 ± 3 % to 16 ± 3 % (Figure 3C); TiO2 NPs were not investigated as 

these, were not found to be cytotoxic (see above). 

Lipid peroxidation: Cellular oxidative damage was assessed via lipid peroxidation, which leads to 

malondialdehyde (MDA) formation. MDA concentration was 128 ± 15 µM of MDA/mg protein in control cells 

and 506 ± 85 µM MDA/mg protein after incubation with TBHP (Tert-Butyl Hydroperoxide) (50 µM), a positive 

control. In the presence of TiO2 NPs (20 µg/ cm²) MDA concentration was 260 ± 40 µM MDA/mg protein, in the 

presence of ZnO NPs (2 µg/cm²) this was 263 ± 22 µM, and in the presence of CdS NPs (5 µg/cm²) this was 226 

± 23 µM (Figure 4). These results indicate that the tested NPs can cause lipid oxidative damage but that this is 

not correlated with cytotoxic effects as a similar effect was found for TiO2 NPs. 

Lysosomal membrane destabilization: Increased ROS production has been associated with lysosomal 

membrane destabilization. The ability of NPs to damage lysosomal membrane was assessed using acridine 

orange (AO) fluorochrome. In control cells, lysosomes (red-orange granules) can be clearly seen within the 

cytosol (Figure 5A). Exposure to CdS (5 µg/cm²) and ZnO (2 µg/ cm²) NPs induced pronounced lysosomal 

membrane destabilization as evidence by release of lysosomal content into the cytoplasm (Figure 5A). 

Quantification by spectrofluorimetry confirmed this observation. Fluorescence ratio significantly (p<0.05) 

increased in cells treated with TBHP (50 µM), positive control, to 170 ± 19 % of control, in cells treated with 

ZnO NPs to 140 ± 13 %, and with CdS NPs to 155 ± 13 %. Cells treated with TiO₂ NPs (20 µg/cm²) showed no 

discharge of lysosomal content (Figure 5A), and there was no significant difference in fluorescence ratio with 

respect to control conditions (Figure 5B). 

Cellular responses to NPs 

Nuclear fragmentation: The modification of redox status and release of lysosomal contents into the 

cytoplasm can initiate apoptotic cell state, which was investigated using DAPI to visualize nuclear condensation. 

In control conditions, a negligible percentage of cells showed a condensed nucleus and the morphology of the 

nuclei remained unchanged upon exposure to TiO2 NPs (20 µg/cm²; Figure 6A). Cells exposed to CdS (6.3 
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µg/cm²) and ZnO (2 µg/cm²) NPs, showed nuclear condensation characteristic of apoptosis. This state was 

confirmed by a significant increase in the number of apoptotic cells (Figure 6B). 

Nrf2 and NF-κB translocation: The transcription factors Nrf2 and NF-κB were known being activated in cells 

during oxidative stress. Upon exposure to the NPs tested there was a significant increase of Nrf2 protein in the 

nucleus (p< 0.05). After 1 and 4 h of ZnO NP exposure (2 µg/cm²) nuclear protein levels were respectively 320 ± 

46 % and 303 ± 64 % of control, after 1 and 4 h of CdS NP exposure (5 µg/cm²) these levels were respectively 

312 ± 54 % and 254 ± 60 %. For TiO2 NPs nuclear Nrf2 protein levels were lower than that found for other NPs 

but were significantly higher than control; after 1 and 4 h of TiO2 NP exposure (20 µg/cm²) nuclear protein 

levels were 165 ± 58 and 248 ± 50. These results indicated Nrf2 translocation confirming induction of cellular 

antioxidant systems (Figure 7A).  

In most cells NF-kB, is present as a latent, inactive, IkB-bound complex in the cytoplasm. When cells receive 

extracellular signals, NF-kB rapidly enters the nucleus and activates gene expression. After 1 and 4 h of ZnO NP 

exposure (2 µg/cm²), nuclear protein levels were respectively 366 ± 44 % and 412 ± 35 % of control. After 1 and 

4 h of CdS NPs exposure (5 µg/cm²), these levels were 80 ± 19 % and 345 ± 66 %, respectively; all values were 

significantly higher than control (p< 0.05). These results indicated that the transcription factor NF-kB was 

rapidly (1 h and 4 h) and strongly activated when exposed to ZnO and CdS NPs. In contrast there was no 

significant NF-κB nuclear translocation in cells exposed to TiO₂ NPs (Figure 7B).  

Antioxidant responses: Activation of these transcription factors allows the expression of genes involved in 

antioxidant responses. The transcription levels of genes encoding catalase (CAT), heme oxygenase (HO-1) and 

glutathione peroxidase (GPX), superoxide dismutase (SOD), glutathion transferase (GST), and 

thioredoxinreductase (TRNX) were investigated and found to be significantly increased for all NPs tested (p< 

0.05). After exposure to ZnO NPs the transcription level of CAT was 375 ± 93 % of control, that of HO-1 was 379 

± 47 %, and that of GPX-1 was 387 ± 67 %; after exposure to CdS NPs, the transcription level of CAT was 408 ± 

60 % that of HO-1 was 545 ± 102 %, and that of GPX-1 was 406 ± 74 %. A similar 3 to 4 -fold increase was found 

after exposure to CdS NPs; after TiO2 NP exposure a 2-fold increase was observed (188 ± 12 %, 175 ± 22 % and 

164 ±14 % for CAT, HO-1 and GPX-1, respectively). 
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Discussion 

The aim of this study was to understand the cytotoxic mechanisms induced by metallic NPs with different 

solubility properties on the kidney. The nanosize of such particles provides them the ability to cross biological 

barriers and to be distributed throughout the body 
6, 34

. After translocation, NPs which generated biological 

reactivity can contribute to kidney damage and promote lesions or disease 
12, 35

. However, the diagnosis of 

kidney disease is often difficult; 70 % of nephron potential must be injured before observation of first clinical 

signs of renal failure. Thus, a better understanding of the renal effects of NPs is required to notify of potential 

kidney damage. Using kidney cells in culture allows a rapid and efficient screening of toxic effects induced in 

vitro by NPs and provides an understanding of the cellular and molecular mechanisms involved. The literature 

indicates that the three types of metal NPs used in this study (TiO2, CdS and ZnO) have the ability to distribute 

in the kidney after in vivo administration 
10, 14, 36, 37

. However, there is limited knowledge concerning the 

toxicological effects of NPs on the kidney, except that it is now known that the toxic behavior of NPs differ from 

their bulk counterparts.  

The present study demonstrates that zinc, ZnO NPs as well as ZnO µPs were toxic on HK-2 tubular cells at very 

low concentrations and that there was no difference attributable to particle size as IC50 values were not 

significantly different. Interestingly, cytotoxicity curves of ZnO particles were closed to that of a soluble form of 

Zn (ZnCl2). Consequently, the ZnO toxicity could be attributed to dissolved Zn. Measurement of Zn
2+

 in an 

acellular model found that ZnO NPs were the most soluble of the NPs tested. Moreover, deprivation of Zn
2+

 

cations by adding EDTA nulled the observed cytotoxicity of ZnO NPs. This strongly suggests that the released 

metal cations (Zn
2+

) were at the origin of cytotoxicity, which is in accordance with Kasemets K. et al. 
38

 who 

report that micro-and nano-particulates forms of zinc are toxic, not according to the size or scale of particles, 

but rather on the availability and amount Zn
2+

 ion released. The effect of solubility on NP toxicity was 

highlighted by Brunner et al. 
39

, where insoluble NPs (TiO₂, CeO2, and ZrO2) induced fewer cytotoxic effects than 

soluble or partially soluble NPs (ZnO, Fe2O3, and Ca3 (PO4)2). Furthermore, it has also been demonstrated that 

the cytotoxic effects of ZnO particles were related to intra and extracellular particle dissolution 
20

. ZnO NPs 

rapidly dissolve under acid conditions and this did not differ with the size of particles Cho et al., 
40

. For 

cadmium, it has been suggested that their toxicity was size dependant. It has been shown that CdS QD 

cytotoxicity is greater than microsized CdS 
19

. As suggested by the authors, Cd
2+

 release could promote toxic 

Page 8 of 35Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t



 9

effects, and in the present study, we observed that cationic deprivation of CdS NPs led to an important 

reduction of toxicity at a NP concentration higher than the IC50. Certain authors have reported that nearly 20 % 

of free cadmium was released from CdS QD in cells 
19

, and we speculate that the size could influence release of 

Cd
2+

, explaining low solubility of CdS µPs. The high solubility of certain NPs could be explained by their 

composition and their intracellular localization. Authors suggested that the source of free metal comes from 

release from phagolysosomes 
41

, and dissolution may be caused by the acid milieu of lysosomes leading to 

lysosomal damage as was observed in present study. In contrast to ZnO and CdS NPs, TiO2 NPs induced low 

toxicity, probably due to their insolubility, even in this acid environment. Moreover, no lysosomal alteration 

was observed in cells treated with TiO2. 

The larger surface area per mass of NPs could increase surface-dependant reactions such as ROS production. 

Moreover, Cd
2+

 and Zn
2+

 ions could be directly at the origin of this oxidative stress. For instance, Cd
2+

 can 

replace physiological metal and thus increase the amount of free metal such as iron and copper that participate 

in ROS generation via Fenton reactions 
42

. Cd
2+

 was also known for its disruptive effects on physiological 

functions, resulting from increased levels of ROS, oxidation of thiol groups or direct damage to transport 

enzymes, etc. 
43, 44

. Lysosomal membrane destabilization can be triggered by an increase of intracellular ROS 

and in consequence release of lysosomal contents into the cytosol, that was considered as an important step in 

apoptosis induction 
45

. The release of lysosomal content and cytosol acidification contribute to caspase 

activation 
46

 and facilitate dimerization of pro-apoptotic members of Bcl-2 family 
47

. We observed that the most 

soluble NPs were a major source of lysosomal destabilization and this result was associated with important 

nuclear condensation confirming cellular apoptosis. Compared to TiO2 NPs, ZnO and CdS NPs effectively 

induced an increase of intracellular ROS levels at low concentrations, and co-Incubation with antioxidants 

confirmed that ROS formation were responsible for toxic effects. These results were in accordance with an in 

vivo study reported by Shaikh et al. 
48

 where an antioxidant (N-acetylcysteine, or vitamin E) prevented lipid 

peroxidation induced by Cd and protected animals against renal and hepatic toxicity. ROS formation can exceed 

cellular defensive capacity and induce oxidative stress that is associated with biomolecular damage (including 

lipids, proteins, and DNA) 
49

. Release of Cd
2+

 has been described to initiate lipid peroxidation and disrupt 

membrane composition 
50

, and Li et al. 
19

 have previously suspected intracellular ROS production, GSH 

depletion and release of Cd
2+

 ions, as the main toxic mechanism in CHL cells exposed to CdS NPs. Other studies 

using Cd NPs or QDs have also found similar results: ROS production, decrease in the GSH/ GSSG ratio 
19, 51

, and 
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cell viability 
52, 53

, associated with Cd
2+

 release. Our results were also consistent with the effects of Zn
2+

 

described in the literature, i.e. increased of ROS and lipid peroxidation, decrease of cell viability 
54-56

. In our 

study, the increased in ROS level was associated with a concomitant elevation of malondialdehyde (MDA) 

which reflects lipid peroxidation. 

Increased transcription of antioxidant genes (Catalase, Heme Oxygenase - HO-1, Gutathione Peroxidase - GPX, 

Superoxide Dismutase - SOD, Glutathione S-Transferase - GST, and Thioredoxin Reductase - TRNX-R) was 

observed at lower concentrations of ZnO and CdS NPs. This result was associated with nuclear Nrf2 

translocation that is the major transcription factor that regulates the antioxidant response in order to combat 

toxic effects and which is activated in response to cellular oxidative imbalance generated by exogenous and 

endogenous substances, metals, and radiation 
21

. After exposure to ZnO and CdS NPs, the NF-kB transcription 

factor was also translocated to the nucleus. NF-κB is known as a transcription factor sensitive to oxidative 

status of cell and involved in the restoration of redox homeostasis 
39, 42

. NF-kB transcription factor mainly plays 

a crucial role in the regulation of genes encoding pro-inflammatory cytokines, leading to inflammation process. 

However, it may partially participate to the induction of genes involved in antioxidant response, such as, the 

expression of SOD and HO-1. SOD is a well-characterized primary enzyme for ROS scavenging, whereas HO-1 

was a relatively novel enzyme, with potent anti-inflammatory and cytoprotective antioxidant effects. This 

activation of cellular defense mechanisms promotes short-term protection of proximal tubular cells, triggering 

pro-inflammatory and antioxidant response involved in an anti-apoptotic effect. Whereas Nrf2 is known to 

confer cell protection, NF-κB may also be implicated in deleterious effects. Moreover, it has been reported that 

NF-κB can repress Nrf2 signaling 
57

. We can suppose that nuclear translocation of NF-kB with ZnO and CdS NPs 

could participate to an overtaking of antioxidant cellular defense. In the present study, TiO2 NPs did not induce 

NF-κB translocation, which may confirm their low toxicity. Similar results were observed by Eom et al. 
58

, where 

CeO2 NPs induced a low cytotoxic effect, an antioxidant response that involved the nuclear translocation of 

Nrf2, but absence of translocation of NF-κB. TiO2 NPs have the ability to generate intracellular ROS and to 

activate Nrf2, but the oxidative stress was not sufficient to disrupt the redox balance, thus preventing 

emergence of cytotoxic effect. Moreover the increase of ROS was not associated with damage lysosomal 

membrane. No significant decrease in the ratio GSH/ GSSG has been reported 
17

, and studies of TiO2 suggest 

that ROS production is linked to the reactive surface of the particle, which depends on the size and the crystal 

structure 
59

.  
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At nanoscale, material acquired specific behavior, exacerbating their physicochemical properties, but also their 

biological reactivity. Then, it is necessary to study their impact in exposed organisms. The aim of this study was 

to understand the cytotoxic mechanisms induced by metallic NPs, on a secondary target organ, the kidney. 

 

Experimental 

 Chemicals 

NPs of TiO2 (15 nm) and ZnO (75 nm) were purchased from Sigma Aldrich (St-Quentin-Fallavier, France). CdS 

NPs were manufactured by the Institute of Chemistry of Condensed Matter of Bordeaux (ICMCB, Bordeaux, 

France). The CdS NPs (10 nm) were prepared via a colloidal approach in aqueous solution, as previously 

described in Pujalté et al. 
60

. Micro-sized TiO2 and ZnO particles were purchased from Sigma Aldrich (St-

Quentin-Fallavier, France) and micro-sized CdS micro-particles from Alfa Aesar (Schiltigheim, France). CdO, was 

purchased from Sigma Aldrich (St-Quentin-Fallavier, France). All products used for cell culture (RPMI 1640 and 

DMEM/F12 media, PBS, HEPES) were purchased from Lonza (Verviers, Belgium; exceptions mentioned). WST-1 

was purchased from Roche Diagnostics (Meylan, France). Trizol reagent, oligo-dT primer, MLV-reverse 

transcriptase and PCR (Polymerase Chain Reaction) reagents were obtained from Invitrogen (Carlsbad, CA, 

USA). Rabbit anti-human-NF-κB (subunit p65) was purchased from Santa Cruz BioTechnologies (Dallas, TX, USA) 

and other antibodies (rabbit anti-Nrf2, mouse anti-human-TBP, goat anti-rabbit or mouse-HRP) from Abcam 

(Cambridge, MA, USA). All other chemicals were purchased from Sigma Aldrich (St-Quentin-Fallavier, France).  

 Preparation and characterization of particles  

Stock suspensions of micro (µP) CdS, µPs and nano (NPs) TiO2 and ZnO particles were prepared (2 mg/ml) in 

RPMI 1640- serum-free medium without phenol red, L-glutamine and antibiotics. Prior to each experiment 

working solutions were sonicated (20s, 3 times; Vibracell 75186, 130 W, 56-60 Hz) to distribute the particles in 

the as evenly as possible. To directly compare compounds, usually expressed as μg/ml or μM, all NP 

concentrations were expressed in μg/cm
2
 of metal element used. Several features of particles were previously 

investigated in RPMI 1640- serum-free medium and described in Pujalté et al. 
60

. Briefly, authors performed 

transmission electron microscope to determine size, shape and aggregation state. Zeta potential was assessed 

using a malvern Zetasizer. Additionally, in this study solubility was investigated. TiO2, ZnO, and CdS particle 

suspensions were incubated for 0 or 24 h in RPMI 1640- serum-free medium at 37 °C in a humidified 5 % CO2 
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environment in acellular models. Centrifugation (19 000 g for 15 min) was used to remove solid phase TiO2, 

ZnO, or CdS from the complete medium. 0.4 ml of the supernatant was added to 40 µl of ultrahigh purity HNO3 

(68 %), and digested at room temperature for 24 h. Ti, Zn, and Cd content were analyzed using optical emission 

spectrometry ICP-OES (IRIS Intrepid IIXSP, Thermo Electron, Waltham, MA, USA). Details on instrumentation 

and operating conditions have previously been published 
61

. The statistical characteristics of the calibrating 

function and reliability were calculated using the AFNOR method (AFNOR XP T90-210). 

 Cell Culture 

Human Kidney (HK-2) epithelial cells were purchased from the American Type Culture Collection (ATCC, CRL-

2190). Cells were grown in DMEM/F12 (Dulbecco’s Modified Eagles Medium) supplemented with 2 mM L-

glutamine, streptomycin (100 U/ml) and penicillin (100 μg/ml), supplemented with 10 % FBS. HK-2 cells 

presented morphological and functional characteristics of proximal tubular cells. The HK-2 cell line retain the 

characteristics of isolated normal adult proximal tubular cells and represents an alternative to primary cultures 

of human cells; the cell line is well differentiated on the basis of its histochemistry, immune, cytological and 

functional characteristics 
62-64

. Cells form a monolayer and expresses biochemical properties of tubular 

epithelial cells. Cells were maintained in 75 cm² plastic culture flasks (Greiner BioOne, Courtaboeuf, France) in a 

humidified 5 % CO2 environment. Culture medium was changed every 2 days and cells were trypsinized when 

necessary (0.05 % trypsin - 0.53 mM EDTA).  

 Cytotoxicity assays 

Effects of particles on HK-2 cell viability were evaluated using the WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)- 5-

(2,4-disulfophenyl)-2H-tetrazolium] assay. Mitochondrial activity was assessed via the cleavage of the 

tetrazolium salt to a formazan dye by succinate-tetrazolium reductase. Sub-confluent cells in 96-well plates 

were exposed to varying concentrations of particles for 24 h in serum-free medium. In relation to the well 

surface (0.32 cm²) and volume distributed (0.1 ml/well), concentrations ranging from 0.625 to 160 μg/ cm², 0.1 

to 20 μg/ cm² and, 0.7 to 7 μg/ cm², for TiO2, ZnO, and CdS, respectively. The WST-1 reagent was added directly 

to culture medium for 30 minutes and absorbance was measured at λ450 nm compared to a λ630 nm reference 

using a multiscan photometer (Titertek Plus II, Labsystem). Data were expressed as percent of dead cells 

compared to control (100 - % of viable cells) from the same experiment obtained from at least 3 independent 

triplicate experiments  
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ROS Production 

ROS production was determined in serum-free media using 20 μM of 2-7’ dichlorodihydrofluorescein diacetate 

(DCFH-DA) and incubation for 15 min. Cells were washed with PBS and treated with different concentrations of 

NPs for 4 h. After exposure, cells were scraped off, lysed by sonication, and centrifuged. Supernatants were 

collected and ROS levels were determined at excitation λ480 nm and emission λ520 nm wavelengths using a 

fluorimeter (Kontrol Instrument, SFM 25, Eching, Germany). Data from at least 3 independent experiments are 

reported as proportion of fluorescence intensity and expressed as mean fluorescence ratio (fluorescence of 

exposed cells/fluorescence of unexposed control from the same experiment). 

  Lipid peroxidation using MDA quantification 

This method is based on the quantification of colored complex formed between thiobarbituric acid (TBA) and 

malondialdehyde (MDA) after acid hydrolysis reaction. Briefly, cells were exposed 24 h to NPs (20 μg/cm
2
 for 

TiO2; 2 μg/cm
2
 for ZnO and 5 μg/cm

2
 for CdS) in RMPI 1640, then washed, detached by trypsinization and lysed. 

Thiobarbituric acid (TBA 0.55 mM, pH 7.4) and trichloroacetic acid (15 %) were mixed with an equal volume of 

cell lysate. The mixture was heated for 1 h, and colorimetric reaction was obtained after extraction with 

butanol. Absorbance was measured in a fluorimeter (Kontrol Instrument, SFM 25, excitation λ532 mn and 

emission λ553 mn). Results were calculated as µM of thiobarbituric acid reactive substances from lipid 

peroxidation using standard solution (1, 1, 3, 3-tetramethoxypropane) and expressed in terms of MDA content 

as µM/mg of protein using BioRad assay (Hercules, CA, USA) based on the Bradford method.  

 RNA isolation and Gene expression analysis 

Cells were scrapped in trizol, and RNA extracted with chloroform, precipitated with isopropanol, and washed 

with absolute ethanol. Reverse-transcription polymerase chain reaction (RT-PCR) was performed using oligo 

deoxythymidine primer (37 °C for 50 min and 50 °C for 10 min). The RT-PCR reaction was performed with 1 μg 

of total RNA, 1 μl of 20 μM oligo dT primer, and 18 μl of RT-PCR PreMix. Initial denaturation was performed at 

94 °C for 15 min, denaturation at 94 °C for 1 min, elongation at 72 °C for 1 min, and final elongation at 72 °C for 

15 min. The hybridization conditions and the number of cycles are variable depending on the primer pair used 

and summarized in Table 2. Amplified cDNA products were separated on 1.5 % agarose gel by electrophoresis. 

The primer sequence of Actin-β mRNA was used as loading control. After revelation and gel scanning, the 

intensity of the bands was evaluated using ImageJ software.  
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 Nuclear and Cellular Protein Extraction 

After NP exposure, cells in 60 mm petri dishes were scraped off in ice-cold lysis buffer (Hepes 10 mM, KCl 10 

mM, MgCl2 1.5 mM, EDTA 0.1 mM; pH 7.9) containing proteinase inhibitors (NaF 10mM, Na3VO4 2 mM, DTT 0.5 

mM, and 200 µl of protease inhibitor cocktails). NP40 (0.6 %) was added and lysates were centrifuged at 

19000 g, 15 min at 4 °C. Supernatants (cytosolic fraction) were collected and stored at -20 °C. Pellets were lysed 

and resuspended in nuclear extract buffer (Hepes 10 mM, NaCl 0.4 M, EDTA 0.2 mM; pH 7.9) containing 

proteinase inhibitors (NaF 10mM, Na3VO4 2 mM, DTT 0.5 mM and 200 µl of protease inhibitor cocktails). After 

incubation (4°C for 15 min) and centrifugation (19 000 g for 15 min), supernatants (nuclear fraction) were 

collected and stored at -20 °C. Protein contents were assessed using BioRad Bradford protein assay. 

 Western Blot Analysis 

 Western blot analysis was performed by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel). Briefly, 

samples were prepared in Laemmli loading buffer, and heated at 80 °C for 10 min. Samples were resolved in a 

vertical electrophoresis chamber (Bio-Rad) using a 10 % acrylamide resolving gel for 1.30 h at 100 V. Separated 

proteins were transferred to nitrocellulose membranes for 1.30 h at 100 V. Coomasie blue and Ponceau red 

were used to stain gels and nitrocellulose membranes in order confirm transfer. Blots were blocked overnight 

in 5 % skimmed milk in PBST (PBS 0.1 % Tween-20) at 4 °C. For immunoblotting, the membrane was incubated 

with rabbit anti-human-NF-κB (subunit p65; 1:8000) or rabbit anti-Nrf2 (1:1000) overnight in 2.5 % milk-PBST. 

Mouse anti-human-TBP (1:3000) antibody and anti-β-Tubulin (1:4000) were used to normalize the protein level 

of cytosolic and nuclear fractions (respectively). Goat anti-rabbit–HRP (1:5000) in 2.5 % milk-PBST was used to 

visualize NF-κB and Nrf2; Goat anti-mouse-HRP (1:2000) in 2.5 % milk-PBST was used to visualize TBP and β-

Tubulin. Western Lightning
TM

 Plus-ECL (LifeTechnology) as used according to the manufacturer’s instructions 

and intensity of bands were calculated using ImageJ software.  

 Lysosomal Membrane Integrity 

Lysosomal membrane integrity was performed using metachromatic fluorophore acridine orange (AO) 

(adapted from Sohaebuddib et al., 
65

. AO diffuses into cells and accumulates in lysosomes by proton trapping. 

This accumulation produces a change in fluorescence emission (from cytosolic green to red) within lysosomes 

due to concentration-dependent stacking of the AO. Disruption of the lysosomal membrane was assessed by 

change in intracellular AO fluorescence. For qualitative studies, cells exposed to NPs were loaded with AO (5 
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μg/ml) in serum-free media for 15 min at 37 °C. After additional washing steps, culture slices were analyzed 

using a fluorescence microscope. For quantitative analysis, cells exposed to NPs were scrapped and cell 

suspensions were stained with AO (5 μg/ml). After centrifugation, supernatant was discarded and the pellet 

resuspended in fresh medium. AO concentration in the cell suspension was measured using a fluorescence 

spectrophotometer (Kontrol Instrument, SFM 25). Lysosomal membrane integrity was calculated based on the 

percent change in the intensity emission ratio λ530 nm/ 620 nm (when exited at λ495 nm) of treated cells with respect 

to the controls. TBHP (Tert-Butyl Hydroperoxide, 50 µM) was used as positive control. 

 DAPI staining 

Cells were fixed with ice-cold paraformaldehyde (4 % in PBS) for 20 min and stained with DAPI (1 μg/ml in PBS) 

for 2 min. Cells were analyzed using a fluorescence microscope with appropriate filters (DAPI filter, 461 nm; 

LEICA DMI3000B). Cells with condensed nuclei were considered as apoptotic. Cells were photographed and the 

percentage of cells with apoptotic nuclei was determined (N>100). 

Statistics 

For cytotoxicity experiments results were calculated using the formula (100 – (Absorbance treated sample × 

100/ Absorbance control sample)) and expressed as mean ± se of at least three independent experiments. Non-

linear Boltzman regression analysis was performed using the Origin software (Origin Lab. Corp, Northampton, 

USA) and the IC50 (defined as concentration which induces 50 % cell mortality increase) were calculated. For 

ROS and lysosomal membrane integrity measurements, statistical analysis was performed for the experiments 

conducted in at least triplicate using Student’s t-test (mean ± se). For all experiments, the level of significance 

was set at *p> 0.05.  

 

Conclusion 

The present study found that release of metal ion in solution is an important factor for determining the toxicity 

of NPs, and our results suggested that ZnO and CdS NPs may exert their toxicity through oxidative stress. 

Adaptive response in the kidney seems to borrow the same mechanisms as those described in the literature for 

the lung. This in vitro assay, performed on renal cells, constitutes an additional step in nanomaterial safety 

assessment.  
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Table 1: Physicochemical parameters of TiO2, ZnO and CdS nanoparticles 

 

 

 

 

 

 

Experiments were performed in RPMI 1640-serum free. Data were derived and summarized from previous study
17

 

 

 

 

 

 

 

 

Particles Source 

Average 

diameter  

(TEM) [nm ± sd] 

Shape 

(MET) 

Specific  

surface area  

[m²/g] 

Zeta potentiel  

in RPMI 

[mV ± sd] 

Crystal  

structure 

TiO2  Sigma Aldrich 12 ± 2 spherical 63 -17,8 ± 4,4 Anatase 

ZnO Sigma Aldrich 75 ± 19 heterogeneous 7 - 14 -26,8 ± 4,5 Zincite 

CdS ICMCB 8  ± 1 spherical 80 -28,5 ± 3,3 Hexagonal 

Page 23 of 35 Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t



 24

 

 

 

 

 

Table 2: PCR Conditions and Primers used 

 

 

 

 

 F R T N Cycles 

Heme oxygenase (HO-1) TCCTTACCGTGGGCACTGAA CACCCACGCATGGCTCAAAA 56 °C 35 cycles 

Catalase (CAT) TCGACCCAAGCAACATGCCA ACGCTAAGCTTCGCTGCACA 56 °C 34 cycles 

Thioredoxin reductase (TRNX-R) AACCACTGGCTCGTTTCCGT AGGCAATGGCTGGCCAAGTA 58 °C 35 cycles 

Superoxyde dismutase (SOD-1): TGGGGTTTCCGTTGCAGTCCT ACCACAAGCCAAACGACTTCCA 58 °C 32 cycles 

Glutathion peroxidase (GPX-1) TTCGAGCCCAACTTCATGCTCT TGCTGACACCCGGCACTTTATT 58 °C 32 cycles 

Glutathion-S-transférase (GST-pi) CTCACTCAAAGCCTCCTGCCTAT CAGGATGGTATTGGACTGGTACAG 60 °C 32 cycles 

Actin-β (ACT-β) GGCATCGTGATGGACTCCG GCTGGAAGGTGGACAGCGA 57 °C 21 cycles 

     

 

PCR primers, amplicon size, temperature of hybridization and number of amplification cycles. 
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FIGURE LEGENDS 

Figure 1: Soluble fraction of dissolved metal in the supernatant of TiO2, ZnO, and CdS NP 

suspensions. Determination of soluble metal was performed by ICP-OES from different concentrations of 

NPs 0, 2, 4, 8 and 16 μg /ml) in RPMI 1640-serum-free medium; ZnO (light grey line), CdS (grey line) and TiO2 

(black line) for 0 (discontinuous line) or 24 h (continuous line). Data shown are means, ± se (N>3). The TiO2 

dissolution curves are overlapped. 

 

Figure 2:  Cytotoxicity of NPs. Cytotxicity was investigated using the WST-1 assay. After 24 h exposure, 

the cytotoxic effects of NPs (ZnO, CdS, and TiO2) were compared to soluble (ZnCl2 and CdO) and bulk forms 

(ZnO, CdS, and TiO2 microparticles) (A, C and E respectively), and to a suspension of ZnO NPs with EDTA (B) and 

CdS NPs with EDTA (50 μM) (D). Data shown are means ± se (N>3). 

 

Figure 3: ROS production related with NP exposure. ROS production on HK-2 cells induced by TiO2, 

ZnO, and CdS on the HK-2 cell line was investigated using DCFH-DA assay (A). Cells were exposed 4 h in RPMI 

1640- serum-free medium containing different concentration of NPs: TiO2 (5 and 20 μg /cm
2
), ZnO (1.5 and 20 

μg /cm
2
) and CdS (2.8 and 5.6 μg /cm

2
). Data shown are means ± se of at least three independent experiments 

and expressed as the percentage of the ROS level compared to control group. *Significant difference with 

respect to control (p<0.05). The importance of NP-induced ROS formation on cell mortality was evaluated using 

the WST-1 assay. Cells were incubated with different concentrations of ZnO NPs (2.6, 5.2, and 10 μg/cm
2
) (B) 

and CdS NPs (3.5, 5.2, and 7 μg/cm
2
) coincubated with 10 mM NAC (N>3) (C). 

 

Figure 4: Lipid peroxidation after NP exposure. Lipid peroxidation was assessed via measurement of 

MDA in cells after 24h exposure to NPs (20 μg /cm
2
 TiO2 NPs, 2 μg /cm

2
 ZnO NPs  and 5 μg /cm

2
 CdS NPs) using 

the TBARS assay. TBHP (50 µM) was used as positive control. Cellular MDA levels were assessed. Data shown 

are means ± se (N=3). *Significant difference with respect to control (p<0.05). 
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Figure 5: Lysosomal membrane destabilization: Lysosomal membrane destabilization was visualized 

(A) and quantified (B) via acridine orange staining in cells exposed to NPs (20 μg/cm
2
 TiO2 NPs, 2 μg/cm

2
 ZnO 

NPs, and 5 μg/cm
2
 CdS NPs) for 24 h as compared to control. In healthy cells, lysosomes can be seen as red-

orange granules and the cytoplasm has diffuse green fluorescence. In cells with lysosomal membrane damage, 

lysosomes exhibit a shift from red-orange to a green color and overall intensity of green fluorescence is 

increased in such cells. TBHP (50 µM) was used as positive control. *Significant difference with respect to 

control (p<0.05). 

 

Figure 6: Nuclear condensation. Nuclear condensation was determined by DAPI staining. Cells were 

exposed to different concentration of NPs (0.2, 2, and 20 μg/cm
2
 for TiO2 NPs; 0.02, 0.2, and 2 μg/cm

2
 for ZnO 

NPs; 2.8, 4.2, and 6.35 μg/cm
2
 for CdS NPs) for 24 h. Representative images were obtained with 20 μg/cm

2
 TiO2 

NPs, 2 μg/cm
2
 ZnO NPs, and 6.35 μg/cm

2
 CdS NPs (A). Cells having condensed nuclei were considered in a state 

apoptosis. Cells were photographed and percentage of cells with apoptotic nuclei were determined under 

blinded scoring, N>100 (B). *Significant difference with respect to the control (p<0.05).  

 

Figure 7: Expression of Nrf2 and NF-κB in cytosolic and nuclear fractions of cells. Cells were 

exposed to TiO2 (20 µg/cm²), ZnO (2 µg/cm²) and CdS (5 µg/cm²) NPs for 1 and 4 h. Densitometric values of 

nuclear and cytosolic expression of Nrf2 (A) and NF-κB (B) were obtained by Western blot and normalized using 

that of α-Tubilin (cytosolic fraction) and TBP (nuclear fraction) and presented as units compared to the control. 

Data shown are means ± se (N>3). 

 

Figure 8: Induction of oxidative stress-related genes. Cells were treated with to TiO2 (20 µg/cm²), 

ZnO (2 µg/cm²) and CdS (5 µg/cm²) NPs for 24 h. mRNA transcription was detected using RT-PCR analysis and 

respective primers. Results were normalized using that actin, and presented as relative units compared to the 

control. Data shown are means ± se (N>3). 
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Figure 2 
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Figure 3 
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Figure 5 
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Figure 6 
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Figure 7A 
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Figure 7B 
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Figure 8 
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