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RESUMO GERAL 

 

1. Introdução 

 A pele humana funciona como uma barreira de proteção e mantém a 

homeostase. A exposição à radiação ultravioleta (UV) é responsável pelo 

envelhecimento prematuro da pele e pela carcinogênese, causada principalmente pela 

superprodução de espécies reativas de oxigênio (ERO). Há um interesse crescente por 

pesquisas sobre novas estratégias que abordem a prevenção do fotoenvelhecimento. 

 Avaliamos o potencial da metformina em proteger as células de queratinócitos 

HaCaT dos danos causados pela radiação UVB, bem como seu possível mecanismo de 

ação. Observamos que a metformina não mostrou atividade antioxidante intrínseca, mas 

foi capaz de reduzir a produção de ERO intracelular induzida por UVB e superóxido 

(O2
•
‾) dependente de NADPH oxidase. Além disso, reduziu a fosforilação de ERK 1/2, 

a atividade da NADPH oxidase e morte celular por apoptose. Esses resultados 

mostraram que este estudo traz evidências de que a metformina pode ser um promissor 

agente antienvelhecimento contra danos à pele induzidos pela radiação UVB. No outro 

estudo, fibroblastos L929 foram tratadas com nanoceria (100 nM) e expostas à radiação 

UVA. O pré-tratamento de células com nanoceria não mostrou citotoxicidade e protegeu 

as células da morte induzida por UVA, aumentando a viabilidade celular. Nanoceria 

também diminuiu a produção de ERO imediatamente após a irradiação ou por até 48 

horas e ainda restaurou a atividade de SOD e GSH. Além disso, o tratamento com 

nanoceria impediu a apoptose, diminuindo os níveis de Caspase 3/7 e a perda de 

potencial da membrana mitocondrial. Nanoceria também aumentou significativamente a 

sobrevivência celular, aumentando a proliferação por 5 dias em comparação com as 

células não irradiadas e nas células irradiadas por UVA e no ensaio de cicatrização de 

feridas. Além disso, verificou-se que a nanoceria diminuiu o envelhecimento celular e a 

fosforilação de ERK 1/2. Nosso estudo sugere que a nanoceria pode ser um potencial 

aliado das enzimas antioxidantes intracelulares para combater a foto-lesão induzida por 

UVA e, consequentemente, levar as células a mecanismos de sobrevivência e 

proliferação. Assim, nosso objetivo foi avaliar a atividade biológica e o mecanismo de 

ação de duas abordagens de tratamento em danos induzidos por radiação UV em 

modelos de cultura de células. 

 

Palavras-chave: nanopartícluas de óxido de cério, antioxidantes, metformina, radiação 

ultravioleta 
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2. Metodologias 

 Os ensaios de atividade biológica e elucidação dos mecanismos de ação foram 

realizados com culturas de células de queratinócitos humanos da linhagem HaCaT e 

fibroblastos murinos L929. 

 As células HaCaT foram tratadas com metformina e submetidas à radiação 

ultravioleta B. A metformina foi adquirida comercialmente da Sigma Aldrich 

(PHR1084).  

 As células L929 foram tratadas com nanopartículas de óxido de cério 

(nanoceria) e submetidas à radiação ultravioleta A. As nanopartículas de óxido de cério 

foram sintetizadas pelo grupo de pesquisa do Prof. Dr. Sudipta Seal da Universidade 

Central da Flórida (University of Central Florida, UCF, Orlando, USA). 

 

2.1 Atividade biológica da metformina sobre queratinócitos HaCaT irradiados 

com UVB 

 Com o objetivo de verificar o possível mecanismo de ação fotoprotetor e um 

possível envolvimento de atividade antioxidante, as células foram tratadas com 1 M de 

metformina, irradiadas com UVB (40 mJ/cm
2
) e processadas para os ensaios: 

citotxicidade e fotoproteção (MTT); ensaio do DPPH•,  Xantina oxidase (XOD); 

produção de espécies reativas de oxigênio (H2DCF-DA),  atividade da enzima NADPH 

oxidase; morte celular por apoptose (Anexina V/PI), fosoforilação da proteína ERK 1/2 

por Western blot. 

 

2.2 Atividade biológica das nanopartículas de óxido de cério sobre fibroblastos 

L929 irradiados com UVA 

 Com o objetivo de verificar o possível mecanismo de ação fotoprotetor, as 

células foram tratadas com 100 nM de nanoceria, irradiadas com UVA (30 J/cm
2
) e 

processadas para os ensaios: citotoxicidade e fotoproteção (MTT); produção de espécies 

reativas de oxigênio (H2DCF-DA), atividade das enzimas intracelulares superóxido 

dismutase (SOD) e glutationa (GSH); ensaio de proliferação e cicatrização de ferida;  

envelhecimento (β-galactosidase) e morte celular por apoptose (nível de Caspases 3/7, 

potencial de membrana mitocondrial), envolvimento da via de sobrevivência MAPK 

ERK 1/2 (Western blot). 



10 
 

 

 

3. Resultados e discussão 

 

3.1 Atividade fotoprotetora da metformina sobre queratinócitos HaCaT irradiados 

com UVB 

 A metformina demonstrou evidências de sua atividade fotoprotetora na 

concentração de 1 μM. Utilizando metodologias para elucidação do mecanismo de ação, 

verificamos importantes danos celulares induzidos pela radiação UVB, como o aumento 

dos níveis de espécies reativas de oxigênio (ERO), ativação da enzima NADPH 

oxidase, morte celular por apoptose e aumento da fosforilação da proteína ERK 1/2.  

 Em relação à atividade antioxidante, a metformina dimimuiu os níveis de ERO. 

Curiosamente, verificamos que a metformina não apresentou atividade antioxidante 

intrínseca na concentração testada, mas sim agindo indiretamente sobre potenciais 

fontes de ERO, como a enzima NADPH oxidase, que é também responsável pela 

produção extendida de ERO após a irradiação. A produção extendida de ERO pode 

levar à ativação de vias que controlam a sobrevivência e morte celular, como a MAPK 

ERK 1/2. 

 Estes resultados mostram evidências que podem servir como base para nossos 

estudos, de que a metformina pode ser uma nova abordagem para o tratamento de danos 

na pele causados pela radiação UVB. 

 

3.2 Atividade fotoprotetora de nanopartículas de óxido de cério sobre fibroblastos 

L929 irradiados com UVA 

 Nanoceria apresentou atividade antioxidante ao dimimuir os níveis de ERO e 

restaurar a atividade de enzimas intracelulares (SOD e GSH). Porém, também foi 

observado um aumento da proliferação celular, cicatrização de ferida, diminuição da 

morte celular por apoptose, diminuição da senescência e diminuição da fosforilação da 

MAPK ERK 1/2. 

 Estes resultados mostram que além da atividade antioxidante, que já está bem 

estababelecida na literatura, o seu potencial regenerador pode ser explorado frente a 

danos causados pela radiação UVA. 

 

4. CONCLUSÕES E PERSPECTIVAS 
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 Os resultados obtidos neste trabalho trata-se de duas abordagens terapêuticas 

com diferentes mecanismos de ação em modelo de culturas de células da pele sob o 

dano induzido pela radiação ultravioleta A e B. 

 Ambos não apresentaram potencial citotóxico nas células testadas, sendo que 

nanoceria ainda induziu a proliferação celular. Além disso, ambos apresentaram 

atividade antioxidante por diferentes mecanismos; 

 Utilizando ensaios de mecanismo de ação, verificamos que a metformina e 

nanoceria reduziram os danos celulares oxidativos induzidos por UVA e UVB, que 

podem estar relacionados à morte celular por apoptose; 

 Desta forma, é possível concluir que a metformina e nanoceria apresentaram 

uma promissora atividade fotoprotetora por diferentes mecanismos de ação, trazendo 

novas abordagens terapêuticas e servindo como base para outros estudos que envolvem 

sua aplicação no tratamento dos danos causados pela radiação ultravioleta. 
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ABSTRACT 

 

1. Introduction 

 Human skin works as a barrier of protection and maintains skin homeostasis. 

Exposure to ultraviolet radiation (UV) is responsible for premature skin aging and 

carcinogenesis mainly driven by overproduction of reactive oxygen species (ROS). 

There is a growing interest for research on new strategies that address the photoaging 

prevention. 

 We evaluate metformin potential on protect HaCaT keratinocytes cells from 

UVB irradiation induced damage as well as it possible mechanism of action. We 

observed that metformin did not show intrinsic scavenging activity but was able to 

reduce UVB-induced intracellular ROS and NADPH oxidase-dependent superoxide 

(O2
•
‾) production. Furthermore, reduced ERK 1/2 phosphorylation, NADPH oxidase 

activity and cell death by apoptosis. These results showed that MET might be a 

promising anti-photoaging agent against UV radiation induced skin damage.  

 In the other study, fibroblasts cells L929 were treated with nanoceria (100 nM) 

and exposed to UVA radiation and assayed for cell viabilty, oxidative stress by 

evaluation of ROS production, SOD and GSH activity and cell death and proliferation. 

Pretreatment of cells with nanoceria showed no cytotoxicity and protected cells from 

UVA-induced death by increasing of cell viability. Nanoceria also decreased ROS 

production imediately after irradiation or for up to 48h and restored SOD and GSH 

activity. Additionally, nanoceria treatment prevented apoptosis by decreasing Caspase 

3/7 levels and mitochondrial membrane potential loss. Nanoceria significantly improved 

cell survival by increasing of proliferation for 5 days compared with non-irradiated and 

in UVA-irradiated cells and in wound healing assay. Furthermore, it was found that 

nanoceria decreased cell aging and ERK 1/2 phosphorylation. Our study suggests that 

nanoceria might be a potential ally with the intracellular antioxidant enzymes to fight 

UVA-induced photodamage and consequently drive cells to survival and proliferate 

mechanisms. 

 Thus, our objective was to evaluate the biological activity and mechanism of 

action of two approaches of treatingin in UV radiation induced damage in cell culture 

models. 

 

Keywords: cerium oxide nanoparticles, antioxidant, metformin, ultraviolet radiation 
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2. Methodologies 

 Biological activity and elucidation of mechanism of action assays were 

performed with HaCaT human keratinocyte and L929 murine fibroblastos cell cultures. 

 HaCaT cells were treated with metformin and subjected to UVB radiation. 

Metformin was purchased commercially from Sigma Aldrich (PHR1084). 

 The L929 cells were treated with cerium oxide nanoparticles (nanoceria) and 

subjected to UVA radiation. Cerium oxide nanoparticles were synthesized by research 

group of Prof. Dr. Sudipta Seal of the Central University of Florida (University of 

Central Florida, UCF, Orlando, USA). 

 

2.1 Biological activity of metformin on UVB-irradiated HaCaT keratinocytes 

 In order to verify the possible mechanism of photoprotective action, HaCaT cells 

were treated with 1 M of metformin, irradiated with UVB (40 mJ cm
2
) and processed 

for the antioxidante activity, cytotoxicity and photoprotection assays: MTT method; 

DPPH assay, Xanthine oxidase system (XOD); production of reactive oxygen species 

(H2DCF-DA), activity of NADPH oxidase enzyme; cell death (Annexin V/PI), ERK 1/2 

protein phosphorylation by Western blot. 

 

2.2 Biological activity of cerium oxide nanoparticles on UVA-irradiated L929 

fibroblasts 

 In order to verify the possible mechanism of photoprotective action, L929 cells 

were treated with 100 nM nanoceria, irradiated with UVA (30 J/cm
2
) and processed for 

the tests: cytotoxicity and photoprotection (MTT); production of reactive oxygen 

species (H2DCF-DA), activity of intracellular superoxide dismutase (SOD) and 

glutathione (GSH) enzymes; proliferation and wound healing assay; aging (β-

galactosidase activity) and cell death by apoptosis (Caspases level 3/7, mitochondrial 

membrane potential), involvement of the MAPK ERK 1/2 survival pathway (Western 

blot). 

 

3. Results and discussion 

3.1 Photoprotective effect of metformin on UVB-irradiated HaCaT keratinocytes 

 Metformin showed photoprotective activity at a concentration of 1μM. Using 

methodologies to elucidate the mechanism of action, we found important cellular 
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damage induced by UVB radiation, such as increased levels of reactive oxygen species 

(ROS), activation of NADPH oxidase enzyme, apoptosis cell death and increased ERK 

1/2 protein phosphorylation.  

 Regarding antioxidant activity, metformin decreased ROS levels. Interestingly, 

we found that metformin showed no intrinsic antioxidant activity at the concentration 

tested, but rather indirectly acting on potential sources of ROS, such as the enzyme 

NADPH oxidase, which is also responsible for extended ROS production after 

irradiation. Extended production of ROS may lead to activation of pathways that control 

cell survival and death, such as MAPK ERK 1/2, that was reduced by metformin. 

 These results show evidence that may serve as the basis for our studies that 

metformin may be a new approach for treating skin damage caused by UVB radiation. 

 

3.2 Photoprotective activity of cerium oxide nanoparticles on UVA-irradiated L929 

fibroblasts 

 Nanoceria showed antioxidant activity by decreasing ROS levels and restoring 

the activity of intracellular enzymes (SOD and GSH). Moreover, increased cell 

proliferation, wound healing process, decreased apoptotic cell death and senescence, 

and decreased MAPK ERK 1/2 phosphorylation. 

 These results show that in addition to the antioxidant activity, which is already 

well established in the literature, its regenerative potential can be exploited against 

UVA radiation damage. 

 

4. Conclusions and perspectives 

 The results obtained in this work provided data to study two therapeutic 

approaches with different mechanisms of action in skin cell culture model under 

damage induced by ultraviolet radiation A and B. 

 Both showed no cytotoxic potential in the cells tested, and nanoceria still 

induced cell proliferation. In addition, both showed antioxidant activity by different 

mechanisms. 

 Using assays to evaluate the mechanisms of action, we found that metformin and 

nanoceria reduced UVA and UVB-induced oxidative damage, which may be related to 

reduction in cell death by apoptosis. 

 Thus, it can be concluded that metformin and nanoceria showed promising 

photoprotective activity by different mechanisms of action, bringing new therapeutic 
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approaches and serving as a basis for other studies involving its application in the 

treatment of damage caused by ultraviolet radiation. 
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ABSTRACT 

Human skin functions go beyond serving only as a mechanical barrier. As a complex 

organ, the skin is capable to cope with external stressors cutaneous by neuroendocrine 

systems to control homeostasis. However, constant skin exposure to ultraviolet (UV) 

radiation causes progressive damage to cellular skin constituents, leading to photoaging, 

mainly due excessive reactive oxygen species (ROS) production. The present study 

shows new approaches of metformin (MET), proposing it be repositioned as an 

antioxidant agent. Currently, MET is the first line treatment of type 2 diabetes and has 

attracted attention, based on its broad mechanism of action. Therefore, we evaluated 

MET antioxidant potential in cell-free systems and in UVB irradiated human 

keratinocyte HaCaT cells. In cell-free system assays MET did not show intrinsic 

scavenging activity on DPPH• radicals or superoxide (O2
•‾
) xanthine/luminol/xanthine 

oxidase-generated. Cell-based results demonstrated that MET was able to reduce UVB-

induced intracellular ROS and NADPH oxidase-dependent superoxide (O2
•‾
) 

production. MET posttreatment of HaCaT cells reduced ERK 1/2 phosphorylation, 

NADPH oxidase activity, and cell death by apoptosis. These findings suggest that the 

protection mechanism of MET may be through the inhibition of ROS formation 

enzyme. These results showed that MET might be a promising antioxidant agent against 

UV radiation induced skin damage. 

 

Keywords: Drug repositioning; ERK 1/2/MAPK; Metformin; MET; Photoaging; UV 

radiation  
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1. Introduction 

The relevance of aging-related studies of skin goes beyond esthetics. Signs of 

skin aging, also referred as photoaging, represent a negative impact on quality of life 

[1]. Longer life expectancy and health conditions associated with aging demand new 

strategies to access new therapeutic approaches [2]. Thus, as the life span increases, the 

maintenance of skin health deserves more attention [3]. 

The human skin tasks are not limited to a barrier to maintain homeostatic 

functions, but as a complex multifunctional self-regulating organ with neuroendocrine 

activities such as producing hormones and neurotransmitters that may be essential in 

response to environmental stress [4]. Along two layers, epidermis and dermis, skin is 

composed mainly by fibroblasts, keratinocytes and melanocytes, cells that are 

responsible for the maintenance of skin homeostasis [5]. Cutaneous aging occurs due 

constant exposure to extrinsic and intrinsic factors leading to cumulative changes and 

progressive deterioration affecting skin biology [1,6]. The major extrinsic inducer of 

skin aging is ultraviolet (UV) radiation. UV rays are divided into UVA (320–400 nm) 

and UVB (280–320 nm) which implies in the effects caused by each type. The most 

important effect on UVB radiation is DNA damage, acting directly when provoke DNA 

strand breaks or indirectly when DNA absorbs UVB photons and transfer electrons to 

other molecules leading to extended ROS production due a chain oxidative reaction [7] 

which may involve other different sources of ROS, including endoplasmic reticulum, 

mitochondrial electron transport chain (ETC), and nicotinamide-adenine dinucleotide 

phosphate (NADPH) oxidases [8], a well-known source of extended UV-induced ROS 

production [9]. 

ROS are also known to modulate the mitogen-activated protein kinase (MAPK) 

signaling pathway. MAPKs, such as extracellular signal–regulated kinase (ERK 1/2) is 

a critical regulator of the balance between epidermal proliferation, differentiation, and 
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cell death [10,11]. The consequence of the lack of cell proliferation in these cells 

hinders the regeneration capacity [12]. Thus, UV radiation can modulate intracellular 

signaling of ERK 1/2 by induction of ROS, that are mediators of ERK-induced cell 

death [13]. 

Metformin (N,N-dimethylbiguanide) (MET) is a biguanide, derived from the 

plant Galega officinalis (goat's rue), a traditional herbal medicine in Europe [14]. 

Currently, MET is the most common anti-diabetic drug prescribed to reduce 

hyperglycemia in type 2 diabetes (T2D) and has aroused increasing interest because of 

its chemical properties [15]. Moreover, in the context of drug repurposing, several 

studies have reported its therapeutic potential for novel applications such as anti-cancer, 

anti-aging, and as regenerative in the wound healing process in young and aged mouse 

skin [14,16]. 

However, the approach of repurposing MET as a skin anti-photodamage 

therapeutic, in in vitro HaCaT human keratinocytes cells, under UVB-induced damage 

have not yet been investigated. In the present study, we evaluated MET potential as a 

skin antioxidant agent that will provide support to its further clinical applications. 

 

2. Materials and methods 

 

2.1 Chemicals 

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) 

were obtained from Invitrogen (Grand Island, NY, USA), dimethylsulfoxide (DMSO) 

were purchased from Synth (Diadema, SP, Brazil). 2’,7’-Dichlorodihydrofluorescein 

diacetate (H2DCFDA) and Annexin V (FITC conjugate) were purchased from 

Invitrogen (Eugene, OR, USA). Streptomycin sulfate, penicillin, Hanks’ balanced salt 

solution (HBSS), lucigenin, metformin (MET), camptothecin, NADPH, xanthine, 
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xanthine oxidase, luminol 2,2-diphenyl-1-picryl-hydrazyl (DPPH), (APO), diphenylene 

iodonium (DPI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

N-acetylcysteine (NAC), and rotenone (ROT) were purchased from Sigma Aldrich (St. 

Louis, MO, USA). 

 

2.2 Cell culture and treatment 

HaCaT immortalized keratinocyte cell line was cultured in DMEM 

supplemented with 10% (v/v) FBS and 1% (v/v) antibiotic solution (100 IU/mL 

penicillin and 100 μg/mL streptomycin). Cells were incubated at 37 °C in a humidified 

atmosphere with 5% CO2 and sub-cultured every 2-3 days to reach exponential growth. 

For all assays, HaCaT cells were seeded into 6-, 24-, or 96-well microplates at a density 

of 8× 10
5
 cells/well, 2.5× 10

5
 cells/well and 2.5 × 10

4
 cells/well, respectively, and 

cultured overnight. Different doses of MET (500, 100, 50, 10, 1 µM) or NAC (100 µM) 

were applied to the cells for 24 h to determine the optimal dosage for further 

investigations. The 1 h posttreatment was performed with 1 µM MET after UVB 

irradiation. 

 

2.3 Cell viability assay 

Cell viability was measured by MTT assay. Cells were seeded into 96-well 

plates at a density of 2.5 × 10
4
 cells/well and cultured overnight. Then they were 

exposed or not to MET (500, 100, 50, 10, and 1 µM) or NAC (100 µM) for 24h. After, 

50 µL MTT (2 mg/mL) was added to each well followed by 4 h incubation. The 

medium was removed and DMSO added to dissolve the formazan crystals. The 

absorbance was measured at 570 nm in a microplate spectrophotometer (Bio Tek Power 

Wave XS). Cell viability was calculated relative to the untreated control group. 
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2.4 UVB irradiation 

The cells were irradiated with a UVB lamp (Philips TL 40W/12 RS, The 

Netherlands) at a distance of 20 cm from the plates. A radiometer equipped with a UVB 

sensor was used to monitor the radiation dose (detects peak of 312 nm, Vilber Lourmat, 

VLX-3W).  

A dose-response curve (5, 20, 40 and 100 mJ/cm
2
, data not shown) was carried 

out in HaCaT cells and the lowest dose of UVB that significantly caused cell death in 

24h without affecting more than 20% of cell viability was chosen. Thus, the dose of 40 

mJ/cm
2
 was selected for further investigations. For irradiation procedures, the medium 

was substituted for HBSS buffer.  

 

2.5 Photoprotective assay 

Cells were seeded into 6-well microplates at a density of 8× 10
5
 cells/well and 

cultured overnight. After irradiation with UVB (40 mJ/cm
2
), cells were treated with 

MET (100, 10, and 1 µM) or NAC (100 µM) for 1 h and incubated for 24 h in DMEM. 

Thereafter, the medium was removed, and cell viability was measured by MTT assay. 

Cell viability was calculated relative to the untreated control group. 

 

2.6 Antioxidant assays 

 Using a cell-free system, the antioxidant activity was evaluated by hydrogen 

donor capacity of DPPH
•
 radical [17] and scavenger capacity of superoxide radicals 

generated by xanthine/luminol/xanthine oxidase (XOD) system as previous described 

[18]. For both of the methodologies, samples were analyzed at the following 

concentrations: 1 µM MET, 1 mM APO, 10 µM DPI, 100 µM ROT, and 100 µM NAC. 

The scavenging potential on intracellular ROS was measured using C2′,7′-

dichlorodihydrofluorescein diacetate (H2DCFDA). Briefly, HaCaT cells were seeded in 
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96-well microplates at a density of 2.5×10
4
 cells/well and cultured overnight. After 

irradiation with UVB (40 mJ/cm
2
), cells were treated with 1 µM MET for 1 h and 1 mM 

APO, 10 µM DPI, 100 µM ROT and 100 µM NAC were used as controls. After that, 

cells were incubated with 5 µM H2DCFDA for 30 min in the dark at 37 °C. Cell-

associated fluorescence was detected after 1 h treatment using a spectrofluorimeter 

(VICTOR X3, PerkinElmer, USA) equipped with 488/525 nm excitation/emission 

filters. 

 

2.7 NADPH oxidase assay 

 Cells were seeded into 6-well microplates at a density of 8× 10
5
 cells/well and 

cultured overnight. After irradiation with UVB (40 mJ/cm
2
), cells were treated with 1 

µM MET for 1 h and 1 mM APO, 10 µM DPI, 100 µM NAC and 10 µM ROT were 

used as controls. NADPH oxidase activity was measured by lucigenin-dependent 

chemiluminescence, as a function of O2
•−

 generated by the NADPH oxidase complex. 

Briefly, 5×10
5
 cells were incubated with 50 µM lucigenin in HBSS buffer. After 5 min 

the reaction was started by the addition of 200 µM NADPH [19]. Chemiluminescence 

was measured in white 96-well plates using a luminometer (Spectramax L). The data 

were expressed in percent of relative light units/5× 10
5
 cells. 

 

2.8 Western blot analysis 

The protein content of HaCaT cells were determined by immunoblotting. Cells 

were twice washed with phosphate-buffered saline (PBS) and lysed in 150 µL lysis 

buffer (1 M-Tris-HCl at pH 7.4; 30% glycerin; 5% -mercaptoethanol; 0.5% SDS v/v) 

and 1% protease and phosphatase inhibitor cocktail were added. Protein contents in 

cellular lysates were quantitated according to the Bradford protein assay. The samples 

were loaded with Laemmli sample buffer (v/v: 62.5 mM Tris-HCl, pH 6.8; 2% SDS; 
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25% glycerol; 0.01% bromophenol blue; 5% -mercaptoethanol) and heated for 5 min 

in a boiling water-bath. Total protein extracts (12 µg) from the cell lysates were 

separated by 12% SDS–PAGE at 100 V/120 min. A standard molecular weight marker 

was loaded in parallel. Proteins were transferred from the gel onto a nitrocellulose 

membrane using the Mini-PROTEAN Tetra Cell (Bio-Rad) and blocked with 

continuous shaking with 5% BSA in Tween–Tris-buffered saline (20 mM Tris–HCl; 

500 mM NaCl; 0.05 % Tween-20 v/v) at room temperature for 60 min. Next, the 

membrane was incubated overnight at 4 ºC with continuous shaking with 1:100 diluted 

primary antibodies p-ERK (cat. no. sc-81492), ERK (cat. no. sc-514302), -actin (sc-

69879); all Santa Cruz Biotechnology, Inc., Santa Cruz, California, USA] diluted in 3% 

BSA in 1X TBST for >12 h at 4 °C. Membrane-bound primary antibodies were detected 

with 1:10,000 diluted secondary antibodies (sc-2005), Santa Cruz Biotechnology, 

conjugated to horseradish peroxidase for 1 h at room temperature. The immunoreactive 

proteins were visualized using an ECL kit (Santa Cruz Biotechnology) and a scanner 

device (ImageQuant LAS500 GEHealthcare Life Sciences). Image J 1.4 Software 

(Wayne Rasband, National Institutes of Health) was used to quantify the bands by 

densitometry, using the -actin protein expression for normalization. 

 

2.9 Cell apoptosis 

Apoptosis was analyzed by flow cytometry using Annexin V-FITC apoptosis 

detection kit (BD Pharmingen, San Diego, USA), according to the manufacturer's 

instructions. Cells were seeded into 6-well microplates at a density of 8× 10
5
 cells/well 

and cultured overnight. After UVB irradiation (40 mJ/cm
2
), cells were treated with 1 

µM MET or 10 µM NAC for 1 h and incubated for 24 h in DMEM. Cells were 

resuspended and washed with binding buffer (140 mM NaCl, 5 mM CaCl2, and 10 mM 

Hepes–Na, pH 7.4). Afterward, cells were incubated with 5 μL annexin-V FITC in 200 
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μL binding buffer for 15 min at room temperature, followed by the addition of 4 μL PI 

(2 μg/mL). Camptothecin (100 µM) was used as a positive control. The analyses were 

performed in flow cytometry (Attune NxT Flow Cytometer, Life Technologies, 

Carlsbad, CA, USA). Attune NxT Flow Cytometer software was used for quantitative 

analysis. A total of 10,000 events were acquired. Cells were considered apoptotic when 

stained with annexin-V (PI positive or negative). 

 

2.10 Statistical analysis 

Experimental data were analyzed by one-way analysis of variance (ANOVA) 

followed by the Tukey post hoc test. The data were expressed as the mean ± standard 

deviation (SD) of at least three independent experiments. Values of p < 0.05 were 

considered statistically significant. The statistical analyses were performed using 

GraphPad Prism 5.0 software (GraphPad, San Diego, CA, USA). 

 

3. Results 

 

3.1 Cytotoxicity and Photoprotective Effect of MET 

To evaluate the cytotoxicity effect of MET, HaCaT cells were exposed to 

different concentrations of MET (500, 100, 50, 10, and 1 μM) for 24 h. The cell 

viability was determined by the MTT assay. It was observed that cell viability was 

found to be unaffected by all tested concentrations of MET (Fig. 1A) at 24 h treatment. 

NAC treatment also did not affect cell viability. Based on the cytotoxicity results assay 

(Fig. 1A), photoprotective effect of MET on HaCaT cells UVB irradiated were 

performed with the same concentrations. The results showed that MET at 1 µM 

protected significantly the cells against viability reduction induced by UVB radiation, 

increasing 16% of cell viability compared with the UVB group (irradiated and non-
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treated cells) (Fig. 1B). Higher MET concentrations (500, 100, 50, or 10 µM) did not 

significantly enhance protection. Based on these results, 1 µM MET was chosen for 

further investigations. NAC also protected HaCaT cells (Fig. 2B).  
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Figure 1. Effects of MET on cell viability. (A) HaCaT cells were treated with 500, 100, 50, 10, 

and 1 µM MET and 100 µM NAC. After 24h, MTT (2 mg/mL) was added, and readings were 

performed at 570 nm in a spectrophotometer. (B) Photoprotective effect of MET on HaCaT 

cells irradiated with UVB (40 mJ/cm
2
). Cell viability was evaluated after 24 h of incubation 

with MET (500, 100, 10, 1 µM) and 100 µM NAC. The results are expressed as a percentage of 

control nonirradiated cells (NI). Values are means ± SD (n = 3). 
#
p ≤ 0.05, significant difference 

compared with NI group; *p ≤ 0.05, significant difference compared with UVB group. 

 

3.2 Scavenging Activity of MET in Cell Free Systems 

To confirm whether MET may act as both scavenger and NADPH oxidase 

inhibitor we further evaluated the cell-free antioxidant activity of MET using different 
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methods based on H-donor capacity and ability to scavenge O2
•
‾ xanthine/XOD-

dependent production. We observed that MET was not effective on scavenging DPPH
• 

radicals (5%) (Fig. 2A) and O2
•
‾ (3%) (Fig. 2B), compared with NAC, used as an 

antioxidant control that inhibited 94% and 72% of DPPH
• 

radicals and O2
•
‾, 

respectively. APO, DPI and ROT, were able to inhibit approximately 30, 4, and 9%, of 

H-donor capacity (Fig. 2A), respectively. For O2
•
‾ radicals, APO, DPI, and ROT 

inhibited approximately 8, 3.5, and 23% (Fig. 2B), respectively. When compared with 

NAC, the controls did not exhibit antioxidant activity in tested concentrations. Higher 

concentrations (up to 500 µM) of MET did not show antioxidant activity as well (data 

not shown). 
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Figure 2. Antioxidant activity of MET. (A) Percent of inhibition of DPPH
•
. The samples were 

added to DPPH
•
 (65 µM), followed by incubation for 30 min. Readings were performed in a 

spectrophotometer at 517 nm. (B) Production of superoxide anion by xanthine/luminol/XOD 

system. The readings of luminescence were performed in a luminometer plate reader. For both 

assays the samples were tested at following concentrations: MET 1 µM, APO 1 mM, DPI 10 

µM, ROT 10 µM, and NAC 100 µM. The results are expressed as a percentage of control. *p ≤ 

0.05, significant difference compared with NAC group. 

 

3.3 Effect of MET on UVB-induced ROS production in HaCaT cells 

 To evaluate whether the cytoprotective effect observed for MET is due its ROS 

scavenger activity, we measured the UVB-induced ROS production in HaCaT cells 

treated with MET using the H2DCFDA fluorescence assay. Figure 3A shows substantial 

increase on ROS production (72%) in the UVB group compared with nonirradiated cells 
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(NI), and MET treatment significantly reduced this increase to just 39%. APO, DPI, 

ROT, and NAC decreased 55, 54, 31, and 68% of UVB-induced ROS production, 

respectively (Fig. 3A). For all treated and nonirradiated cells, ROS production was not 

observed compared with nonirradiated cells (NI). 

 We also tested NADPH oxidase-dependent superoxide (O2
•
‾) production in 

HaCaT cells UVB-irradiated. UVB radiation increased 69% of O2
•
‾ production while 

posttreatment with MET decreased 44% of O2
•
‾ production compared with UVB group 

(Fig 3B). APO, DPI, ROT and NAC decreased 60%, 58%, 3% and 70% of UVB-

induced O2
•
‾ production, respectively (Fig. 3B). MET did not alter the level of O2

•
‾ in 

nonirradiated cells. 
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Figure 3. Effect of MET on oxidizing species production in HaCaT cells. (A) Intracellular ROS 

production. Cells were irradiated (40 mJ/cm
2
) and treated with MET 1 µM, APO 1 mM, DPI 10 

µM, NAC 100 µM, and ROT 10 µM for 1 h followed by readings. (B) Effect of MET on 

generation of superoxide anions by NADPH oxidase. Cells were irradiated (40 mJ/cm
2
) and 

treated with MET 1 µM, APO 1 mM DPI 10 µM, and NAC 100 µM for 1 h. NI, untreated and 

nonirradiated cells; UVB, untreated and irradiated cells with UVB. Superoxide anion production 

was measured by the lucigenin-enhanced chemiluminescence. 
#
p ≤ 0.05, significant difference 

compared with untreated and nonirradiated cells (NI); *p ≤ 0.05, significant difference 

compared with UVB group. 

 

3.4 UVB-induced increase of phosphorylated ERK 1/2 is reduced by MET treatment 

 To show whether MET protective cell death effect involve MAPK pathway we 

evaluated ERK 1/2 using Western blot. UVB significantly induced ERK 1/2 

phosphorylation (Fig. 4). Both, MET and NAC significantly reduced the UVB-induced 
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phosphorylation of ERK 1/2 by 25% and 40%, respectively (Fig. 4). Figure 5 shows that 

ERK 1/2 expression remained sustained even 24 h after UVB irradiation.  

 

 

Figure 4. ERK 1/2 phosphorylation expression in HaCaT cells following MET treatment. Cells 

were irradiated (40 mJ/cm
2
) and treated or not with 1 µM MET and 100 µM NAC for 1 h 

followed by 24 h incubation. Total protein was isolated and probed with antibodies for ERK 

1/2, p-ERK 1/2 and -Actin. Graphs indicate the relative band intensities, as determined by 

ImageJ software and plotted as the means ±SD. of three independent experiments. *p ≤ 0.05, 

significant difference compared with UVB group. 

 

3.5 MET protected HaCaT cells against UVB-induced apoptosis 

As known NADPH oxidase are involved in the process of UV-extended ROS 

production [20]. The inhibition of NADPH oxidase might be a way to deal with the 

UVB induced cell death such as apoptosis. Thus, we evaluated the effect of MET on 

apoptosis cell death using Annexin V/PI. The percentage of apoptotic cells were 

significantly increased by UVB radiation (15%) compared with nonirradiated cells (NI) 

(Fig 5A, B). Posttreatment of HaCaT with MET showed a statistically significant 
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protection against UVB-induced apoptosis cell death, decreasing apoptosis to a similar 

level as the NI group (Fig 5A, B). Cell survival of MET treatment in nonirradiated cells 

(MET group) remained unaffected compared with the NI group. NAC treatment was 

also evident on UVB-induced apoptosis. Camptothecin (CAMP), used as positive 

control, also induced significant increased apoptosis.  
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Figure 5. Evaluation of cell death by apoptosis using annexin V-FITC/PI staining. (A, B) Cells 

were irradiated (40 mJ/cm
2
) and treated or not with MET 1 µM and NAC 100 µM for 1 h 

followed by 24 h incubation and flow cytometric analysis. NI: untreated and nonirradiated cells; 

UVB: untreated and irradiated cells with UVB. Values are means ± SD (n = 3). Typical 

histograms of at least three independent experiments are depicted. 
#
p ≤ 0.05, significant 

difference compared with NI group; *p ≤ 0.05, significant difference compared with UVB 

group.  

 

 

4. Discussion 

 The present study aimed to investigate the protection mechanism of MET 

against UVB induced damage in human keratinocytes cells. We have demonstrated that 
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MET may indirectly reduce intracellular ROS production through inhibition of NADPH 

oxidase and by decreasing on ERK 1/2 phosphorylation, one critical regulator of cell 

proliferation and cell death [21]. 

Although mechanisms of action of MET are not fully understood, it is widely 

prescribed in type 2 diabetes treatment as the first line antidiabetic agent [22]. Several 

studies have shown a therapeutic approach of MET that has attracted the attention of 

studies of age-related diseases, modulating the biology of aging and promoting health 

and longevity based on the rejuvenating effect [23]. UV radiation is known to induce 

damage in the skin, mainly by induction of ROS that may lead to oxidative stress and 

cell death [24]. 

To reveal the mechanism by which MET protects cells under UVB irradiation, 

we first focused on its antioxidant activity. Here, we have demonstrated that MET did 

not show intrinsic antioxidant activity in cell-free systems evidenced by the DPPH and 

xanthine assay. However, MET reduced levels of UVB induced intracellular ROS and 

NADPH oxidase-dependent superoxide (O2
•
‾) in live cells similar to Apo and DPI, well-

known NADPH oxidase inhibitors. NADPH oxidase system is an enzymatic system that 

produces superoxide anion through the consumption of molecular oxygen [25]. Thus, 

the inhibitory effect of MET on UVB induced ROS formation might be due a direct 

MET inhibitory effect on NADPH oxidase activation. Recent studies have shown that 

MET enhances antioxidant enzymes such as SOD, CAT and GSH in vitro and in vivo, 

therefore its antioxidant activity might be closely related to upregulating antioxidant 

gene expression [26]. This is also consistent with a previous suggestion of the role of 

MET on decreasing ROS production through reduction of NADPH oxidase activity in 

renal cells under oxidative stress in vitro and in vivo [27].  

 Interestingly, our data shows that ROT, an inhibitor of mitochondrial complex I 

(NADH: ubiquinone oxidoreductase), led to a decrease in intracellular ROS. This 
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intrinsic scavenge activity was not observed in the cell-free systems (DPPH and XOD 

system). These data might evidence the UVB-induce mitochondrial ROS formation. 

Several MET-related studies have focused on mitochondria [22]. As a relatively 

hydrophilic and positively charged molecule, MET crosses the plasma membrane and 

accumulates by membrane-driven-potential in the mitochondrial matrix [28]. Thus, 

MET might be protecting cells from UVB induced ROS production by both, decreasing 

NADPH oxidase activity and inhibiting the ROS mitochondrial. 

We also showed that MET significantly decreased the levels of p-ERK protein 

and decrease the apoptosis on UVB induced HaCaT even after 24 h of irradiation. These 

data might be once again related to the antioxidant effect of MET. The treatment with 

the antioxidant NAC also significantly decreased ERK phosphorylation, suggesting 

even more the involvement of ROS in ERK activation [29]. It is known that UV 

radiation activates signal transduction cascades, such as ERK 1/2 MAPK, which 

regulates the induction or repression of cell survival and apoptosis, either directly or via 

ROS generation [30][31]. ERK 1/2 regulates cell growth and differentiation and its 

phosphorylation depends on the activation signal intensity [32]. The over p-ERK 1/2 

activation blocks cell cycle entry and inhibits cell proliferation that is required for 

promoting apoptosis [33,34]. These data is supported by an earlier study that showed 

the decrease on ERK activation by metformin in the mice skin model that had been 

chronically exposed to UVB radiation [35].  

 Some studies showed that MET can induce the increase of ROS formation and 

apoptosis [36]. This dual effect is highly dependent on the concentration of MET used. 

Many studies were based on experimental supra-pharmacological doses of metformin 

reaching up to 100 times more than the therapeutic (80M) dose used in type 2 diabetes 

treatment [21].  
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Previous studies support our belief on metformin anti-photoageing therapeutic 

potential of metformin as shown by Lee et al (2010) [37] that metformin pretreatment 

reduced MMP-9 expression in skin by negative regulation of Sirt1 induced by a dose of 

30 mJ/cm
2
 of UVB.  

 

5. Conclusion 

Our results suggest that the protection mechanism of MET on UVB-irradiated 

HaCaT cells is due to the reduction of ROS through the direct inhibition of ROS 

formation enzymes such as NADPH oxidase and consequent inactivation of sustained 

ERK 1/2 MAPK to protect cells from apoptosis (Fig 6). MET, as an antioxidant agent, 

provides a new approach and new insights into UVB-induced skin disorders and 

potential targets for therapeutic interventions by targeting potential sources of ROS. 

 

Figure 6: Photoprotective mechanism of metformin (blue arrows) against UVB-induced ROS 

formation in HaCaT cells (red arrows). 
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ABSTRACT 

 

Exposure to ultraviolet radiation is responsible for premature skin aging and 

carcinogenesis mainly driven by overproduction of ROS. There is growing interest for 

research on new strategies that address the photoaging prevention such as the approach 

of using nanomaterials. Cerium oxide nanoparticles (nanoceria) show enzyme-like 

activity on scavenging ROS. Fibroblasts cells L929 were treated with nanoceria (100 

nM) and exposed to UVA radiation and assayed for cell viability, oxidative stress by 

evaluation of ROS production, SOD and GSH activity and cell death and proliferation. 

Pretreatment of cells with nanoceria showed no cytotoxicity and protected cells from 

UVA-induced death by increasing of cell viability. Nanoceria also decreased ROS 

production imediately after irradiation or for up to 48 h and restored SOD and GSH 

activity. Additionally, nanoceria treatment prevented apoptosis by decreasing Caspase 

3/7 levels and mitochondrial membrane potential loss. Nanoceria significantly improved 

cell survival by increasing of proliferation for 5 days compared with non-irradiated and 

in UVA-irradiated cells and in wound healing assay. Furthermore, it was found that 

nanoceria decreased cell aging and ERK 1/2 phosphorylation. Our study suggests that 

nanoceria might be a potential ally with the intracellular antioxidant enzymes to fight 

UVA-induced photodamage and consequently drive cells to survival and proliferate 

mechanisms. 

 

Keywords: cerium oxide nanoparticles, nanoceria, ultraviolet radiation, antioxidant, 

wound healing 
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1. Introduction 

 Nanotechnology have attracted attention in diferent fields of Science including 

medicine and pharmacology. Special attention has been paid to the development of 

nanoparticles (NPs) enzyme-like activities, refered as nanozymes [1]. Mimicking 

natural enzymes, nanozymes offers several advantages such as low cost, high stability, 

better catalytic efficiency [1,2]. 

 Cerium oxide oxide nanoparticles (CNPs or nanoceria) are particularly 

interesting in a wide range of biomedical applications due its antioxidant properties. 

Several studies support CNPs cytoprotective efficacy suggesting that CNPs reduce 

chronic inflammation, promote angiogenesis, promote tissue regeneration, decrease cell 

death and increase life span [3,4]. Cerium (Ce) is the unique metal that can exist in both 

valence state (Ce
3+

/Ce
4+

). This allows CNPs to have self-regenerative redox cycling 

property possibiliting store and release oxygen (O2) in his surface, combining CAT- and 

SOD-mimetic activities, remaining active for an extended time and thereby protecting 

cells against the harmuful effect of excessive reactive oxyegen species (ROS) 

production [5,6].  

 The ultraviolet radiation (UV) is a well-known ROS inducer in human skin 

contributing to the development of several chronic diseases and aging process [7]. The 

effects of ultraviolet A rays (UVA, 320–400 nm) are well recognized as the mainly 

responsable for driven skin cells to senescence through the ROS-induced damage of 

essencial cell macromolecules, including lipids, proteins and nucleic acids affecting 

antioxidant cellular defense systems and dysregulating important cell-signaling 

pathways [11] in skin deep layers affecting mainly fibroblasts [8]. These cells are the 

major cell type in the dermis and play a pivotal role in skin physiology [15]contribute to 

extracellular-matrix (ECM) and collagen production to maintain the structural integrity 

of skin playing an important role in cutaneous wound healing process [9]. In recent 
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years, various studies have been conducted on the role of fibroblasts on wound healing 

and how this process can be disrupted by UVA radiation [10–12].  

 Although a recent study showed that CNPs protect fibroblasts from UVA-

induced oxidative damage through antioxidant properties we believe that besides that 

CNPs could also modulate signaling patways of cellular proliferation. Thus, our goal 

was to study the ability of CNPs induce fibroblasts proliferation under UVA radiation. 

Our data showed that CNPs decrease UVA-induced fibroblast death through the redox 

cell balance restoration setting off signal-regulated protein kinases 1 and 2 (ERK1/2) 

that control both, cell proliferation and apoptotic pathways contributing to cell 

proliferation.  

 

2. Material and Methods 

 

2.1 CNP synthesis and characterization 

 Cerium oxide nanoparticles (CNP) were synthesized using the earlier established 

protocol using wet chemistry approach in the size range of 3-5 nm and concentration 5 

mM, as described in our earlier publication [13]. In brief, quantified amount of cerium 

nitrate hexahydrate salt was dissolved in ultrapure DI water and stoichiometric amount 

of hydrogen peroxide solution (H2O2) was added to the solution. This induces the 

oxidation of cerium ions into formation of ultra-small CNP in the size range of 3-5 nm. 

 Physiochemical characterization of these CNP were performed using High 

resolution transmission electron microscopy (HRTEM; Philips Tecnai), Hydrodynamic 

radius and the surface charge (zeta potential) using a zeta sizer (Nano-ZS from Malvern 

Instruments). 
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2.2 Uptake assay  

 To determine the best time of CNP treatment and assess the cellular uptake, 

L929 cells were treated with FITC-CNP for 1, 2 and 24 h. Cells were detached via 

trypsinization and analyzed by flow cytometry (FACSCalibur). 

 

2.3 Cell culture, treatment and UVA irradiation 

 The experiments were conducted using the mouse fibroblast cell line L929 

(ATCC® CCL1™, Manassas, USA) cultured in DMEM (Dulbecco’s modified Eagle’s 

medium, Life Technologies/Gibco Laboratories, Grand Island, NY, USA) containing 

10.0% fetal bovine serum (FBS, Life Technologies/Gibco Laboratories, Grand Island, 

NY, USA), 2 mM L-glutamine at 37°C in a 5% CO2 atmosphere. For all experiments, 

L929 cells were seeded at a density of 2.5x105 cells/mL and were below 20 passages. 

 For cytotoxicity, photoprotection and mitochondrial membrane potential (Δѱm) 

measurement assays, cells were seeded into 96-well plates. For wound healing, cell 

growth, β-galactosidase (SA-βG) and cell death assays, cells were seeded into 24-well 

plate. For other experiments, cells were seeded into 6-well plates. Cell monolayres were 

washed 3 times with Phosphate-Buffered Saline buffer (PBS), treated with CNP 100 nM 

diluted in serum-free DMEM for 24 h at 37 °C in a humidified atmosphere with 5% 

CO2 followed by irradiation.  

 For irradiation procedure, cells were washed with PBS and irradiated with 

Hank’s balanced salt solution (HBSS, Sigma-Aldrich, St. Louis, MO, USA) at 

intermittent dose of 15 J/cm
2
 or with a unique dose of 30 J/cm

2
 of UVA lamps (Philips 
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TLK 40W/10R lamp, The Netherlands) monitored using a radiometer sensor (peak: 365 

nm, VLX-3W, Vilber Lourmat, Marne La Vallée, France).  After irradiation, HBSS was 

changed by DMEM serum-free and cells were immediately assayed or maintained in an 

incubator at 37 °C in a humidified atmosphere with 5% CO2 for the time required for 

each assay. N-Acetylcysteine (NAC, 100 µM-1 h treatment, Sigma-Aldrich, St. Louis, 

MO, USA) was used as antioxidant control. 

 

2.4 Citotoxicity and Photoprotection assay 

 To assess the cytotoxic potential of the CNP we employed the MTT assay. 

Briefly, L929 cells were treated with samples in various concentrations of 500, 100, 50, 

10 and 5 nM for 24 h at 37˚C in a humidified 5% CO2 incubator. After, cells were 

washed with PBS and 50 µL of MTT (2 mg/mL) was added for 4 h. The measured was 

performed at the absorbance of 570 nm (BioTek, PowerWave XS microplate 

spectrophotometer) and the percentage of cell viability was determined relative to the 

untreated control group. 

 To assess UVA phototoxicity, L929 cells were treated with 100, 50, 10 and 5 

nM CNP for 24h. After, the CNP solution was replaced with HBSS and cells were 

irradiated with UVA (30J/cm
2
) and then incubated with serum-free DMEM for 24 h. 

After, cytotoxicity was detected by MTT assay. 

 

2.5 Measurement of intracelular ROS 

 Intracellular ROS was measured using C2′,7′-dichlorodihydrofluorescein 

diacetate (H2DCF-DA, Eugene, OR, USA). Briefly, L929 cells were treated with 100 

nM CNP for 24 h or 100 µM N-acetylcysteine (NAC), 100 UI superoxide dismutase 

(SOD, Sigma-Aldrich, St. Louis, MO, USA) and 100 UI catalase (CAT, Sigma-Aldrich, 

St. Louis, MO, USA) for 1 h and irradiated with UVA at a unique dose of 30 J/cm
2
 or 
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with 15 J/cm
2 

followed by an additional dose (15 J/cm
2
) after 24 h. After different time, 

cells were incubated with 5 µM H2DCF-DA for 30 min in the dark at 37 °C. Cell-

associated fluorescence was detected using a spectrofluorimeter (VICTOR X3, 

PerkinElmer, USA, λex = 488 nm, λem = 525 nm). The fluorescence precentage was 

expressed as arbitrary fluorescence units per μg of protein dertermined by Bradford 

method (Bio-Rad, CA, USA). 

 

2.6 Intracelular antioxidant enzymes activity measurements 

 To evaluate intracelular antioxidant enzymes activity, after 100 nM CNP or 100 

µM NAC treatment, L929 cells were irradiated with UVA (30 J/cm
2
) and incubated for 

1 h. Cells were resuspended and lysated in cold Tris buffer (Tris 10 mM, pH=7,4), 

sonicated for 60 seconds with a 30% pulse. The cell debri was removed by 

centrifugation at 14,000 rpm for 10 minutes at 4 ºC and the supernatants were assayed 

for GSH levels and SOD activity. Protein concentration was determined by Bradford 

method.  

 To measure GSH levels o-phthalaldehyde (OPT, Sigma-Aldrich, St. Louis, MO, 

USA) was used. Cell lysate supernant (50 μg/mL of protein) was transferred to a black 

96-well microplate containing sodium phosphate buffer (100 mM KH2PO4–KOH, pH 

10, 185 μl) followed by 10 μl OPT (10 mg/ml in ice cold methanol) addition. After 25 

min of incubation in the dark with gentle mixing, the plate was readed in a fluorescence 

plate reader (VICTOR X3, PerkinElmer, USA, λex = 350 nm, λem = 420 nm) [14].  

 The enzimatic SOD activity was determined by measuring the inhibition of 

pyrogallol autoxidation. In brief, 930 μL of Tris buffer (200 mM Tris, 2 mM EDTA, pH 

8.2) and 50 µg of protein of cell lysate were mixed followed by addition of 70 µl 

pyrogallol solution (15 mM in 1 mM Tris-HCL, pH 8.2) and the absorbance was readed 
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at 420 nm (Shimadzu, UV-1700). One unit of SOD activity was considered based on 

50% of the pyrogallol oxidation (expressed as unit of SOD/μg protein).  

 

 

 

2.7 Cell Growth Assay 

 The L929 cells were treated with 100 nM of CNP for 24h or 10M of NAC for 1 

h, irradiated with UVA (30 J/cm
2
) and the cells were collected by trypsinization right 

after irradiation or after incubation for 1, 2, 3, 4 and 5 days and counted in a Neubauer 

chamber using the trypan blue dye exclusion method. 

 

2.8 Wound healing assay 

 The L929 cells were treated with 100 nM of CNP for 24 h and irradiated with 

UVA (30 J/cm
2
). Immediately after irradiation, a sterile 200 µL pipette tip was used to 

make a straight scratch on the monolayer of cells attached. The pictures were taken at 

the time 0, 24 and 48 h after the scratch. Wound repopulation was assessed with a light 

microscope (Olympus BX51, Miami, FL, USA) equipped with a digital camera 

(Olympus C5060, Miami, FL, USA). Photomicrographs were taken at ×5 magnification 

and cell proliferation area was mesured using Image- J 1.45S software (Wayne 

Rasband, National Institutes of Health, Bethesda, MD, USA). 

 

2.9 Senescence-associated β-galactosidase (SA-βG) assay 

 The senescence-associated b-galactosidase (SA-βG) was performed as 

preouvisly described [15]. The L929 cells were treated with 100 nM CNP for 24h or 

100 µM NAC for 1 h. Next, the cells were irradiated with UVA (15 J/cm
2
) for 3 

consecutive days and incubated for 24h in a humidified incubator. Cells were washed in 
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phosphate-buffered saline (PBS; pH 7.4) and fixed for 5 min in 2% formaldehyde and 

0.2% glutaraldehyde in PBS. After, 100 μL of staining solution (citrate–phosphate 

buffer with 100 mM potassium ferricyanide, 100 mM potassium ferrocyanide, 5 M 

NaCl, 0.2 M MgCl2) was added followed by the addition of 10 μL of 2 mM Di-β-D-

Galactopyranoside (FDG, Molecular Probes, Eugene, OR, USA) per well. The plate 

was incubated at 37 ºC in the dark for 24 h. After, the supernatant (100 μL) was 

transferred to a 96-black-well plate in triplicates for fluorescent measurement using a 

spectrofluorometer (Victor X3; PerkinElmer; λex = 485 nm, λem = 535 nm). 

doxorubicin (DOXO, 5 μg/mL), used as a positive control, was added to cells for 24 h 

followed by incubation of 3 days. The fluorescence precentage was expressed as 

arbitrary fluorescence units per μg of protein dertermined by Bradford method. 

 

2.10 Cell death 

 Caspase-like activity was performed using an EnzChek Caspase-3 #1 Z-DEVD-

AMC Substrate Assay Kit (Molecular Probes,
 
Eugene, OR, USA). The L929 cells were 

treated with 100 nM CNP for 24h or 100 µM NAC for 1 h. Next, the cells were 

irradiated with UVA (30 J/cm
2
). After, the cells were incubated for 24 h and after, 

collected, washed, resuspended in PBS buffer and processed according to the 

manufacturer’s instructions. The samples were then added to a black 96-well plate, and 

fluorescence was measured in a spectrofluorometer (Victor X3; PerkinElmer; λex = 342 

nm, λem = 441 nm). Camptothecin (CAMP, 100 μM, 1h treatment) was used as a 

positive control. An additional group was incubated with the caspase inhibitor Ac-

DEVD-CHO. The fluorescence precentage was expressed as arbitrary fluorescence units 

per μg of protein dertermined by Bradford method. 

 

2.11 Mitochondrial membrane potential (Δѱm) measurement 
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 We examined the mitochondrial membrane potential (Δѱm) through tetramethyl 

rhodamine ethyl ester (TMRE, Molecular Probes,
 
Eugene, OR, USA) labeling. In brief, 

L929 cells were treated with 100 nM CNP for 24 h or 100 µM NAC for 1 h and 

irradiated with UVA (30 J/cm
2
) followed by 2h incubation. The cells were washed, 

harvested and resuspended in saline solution (0.9% sodium chloride solution), and 100 

nM TMRE was added for 20 min in the dark at 37ºC [16]. After, cells were washed, and 

cell-associated fluorescence was detected using a spectrofluorimeter plate reader 

(VICTOR X3, PerkinElmer, USA, λex = 549 nm, λem = 575 nm). Carbonyl cyanide 3-

chlorophenylhydrazone (CCCP, 200 μM, 1 h treatment – Sigma-Aldrich, St. Louis, 

MO, USA) was used as a positive control. The fluorescence precentage was expressed 

as arbitrary fluorescence units per μg of protein dertermined by Bradford method. 

 

2.12 Western blot analysis 

 Western blot was performed to detect ERK 1/2 protein. After treatment with 100 

nM CNP for 24h or 100 µM NAC for 1 h L929 cells were irradiated with UVA (30 

J/cm
2
) followed by 2 h incubation. Next, cellswere lysed in lysis buffer (1 %) and total 

protein (20 μg) was separated by 12% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis and transferred to 0.22-μm nitrocellulose membranes. The membranes 

were blocked with 5% albumin diluted in a Tris-buffered saline solution containing 1% 

Tween-20 (TBST) and then incubated overnight at 4°C in solutions with primary 

antibodies (1: 50) against Erk1/2 (sc-514302), phospho ERK1/2 (sc-81492) or PCNA 

(1: 10000, sc-56) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The membranes 

were washed three times with TBST before an incubation for 1 h in solution with anti-

mouse secondary antibody HRP-conjugated (1:10000) (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). Proteins were detected by western blotting luminol reagent 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) using CCD camera imaging system 
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(ImageQuant LAS 500, GE Healthcare Life Sciences, Uppsala, Sweden). Image- J 

1.45S software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). 

Quantitation of the relative amount of p-ERK 1/2 was normalized to the control PCNA. 

 

 

 

2.13 Statistical Analysis 

 All other experiments were run in duplicate and repeated three times. The 

significant differences between mean values were expressed as mean ± standard 

deviation (SD), followed by analysis of variance (ANOVA) and Tukey test (Prism 5.0 

software) to evaluate the significance of differences at the 5% level (P<0.05) of 

confidence. 

 

3. Results  

 

3.1 CNP synthesis and characterization  

 Indepth analysis the physiochemical characterization of CNP material has been 

already reported in our earlier published article [13]. Further here we continued with the 

detailed X-ray photoelectron spectroscopy (XPS) survey spectral lines of CNP in Figure 

1 showing that these CNP products contains Ce, O and surface contaminated carbon as 

the primary elements. However, CNP survey spectral line shows the additional N1s 

which is ascribed to nitrate compound from Cerium nitrate hexahydrate precursor used 

for the CNP material synthesis. Figure 1b shows the Ce3d envelop from CNP material 

and spectra are fitted with 5 sets of spin-orbit split doublets of Ce 3d (3d5/2 and 3d3/2) 

with a Gaussian-Lorentzian peak shape after the subtraction of smart background in 

Avantage software. To ensure proper peak fitting, the area ratio of 3d spin-orbit split 
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doublets, their splits, well as peak positions were considered. In addition, spectra were 

analyzed using an automated incremental peak deconvolution program which varied the 

peak height within an envelope over a complete range to determine the best fit, checked 

by using the X-squared value to the actual data. With this method, the percent 

concentration of surface Ce
3+

 (or Ce
4+

) ions in the film was calculated from the ratio of 

sum of the integrated areas of the XPS 3d peaks related to Ce
3+

 (or Ce
4+

) to the total 

integral area for the whole Ce 3d region. The quantified concentration of Ce
3+

 in CNP 

materials was 58%. The lower surface Ce
3+

 concentration in CNP is also visible in the 

fitted Ce (3d) spectrum (Figure 1b). The peak position at ~916 eV corresponds to Ce
4+

 

oxidation state. Thus, variation in this peak intensity, comparative to other peaks, 

provides quantifiable information with respect to the relative difference in concentration 

of each oxidation state. The relative intensity of the peak around 916 eV is significantly 

low for CNP. 

 

 

Figure 1: (a) XPS survey spectra of CNP (b) XPS peak fitted Ce3d spectra of CNP. 

Deconvoluted peaks in CNP show the mixed oxidation state of Ce
3+

 (green color) and Ce
4+

 (blue 

color).    

 

Nanoceria is absorbed by L929 cells 
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 To determine the efficiency of nanoceria uptake into L929 cells, cells were 

loaded with nanoceria conjugated with fluorescein isothiocyanate (CNP-FITC). The 

best time of uptake was observed when cells were treated for 24 h (Fig.2A and B). At 

24 h the fluorescence significantly increased 3.1 fold compared with NC. At 1 and 2h of 

treatment, fluorescence incresead 1 and 1.4 fold, respectively, however this effect was 

not significant compared with control (NC).  
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Figure 2. CNP uptake by L929 cells. (A) The histograms and (B) graphic bars show the 

fluorescence intensity of L929 cells treated (1, 2 and 24h) with CNP-FITC (100 nM) at different 

time points analyzed by FACS Calibur flow cytometer with 488 nm excitation. NC (non-treated 

cells), CNP-FITC (nanoceria conjugated with CNP with no cells). **p < 0.01: significantly 

different from nonirradiated and nontreated cells (NC). 

 

CNP has cytoprotective and photoprotective effect in UVA-irradiated L929 fibroblasts 

 Cell viability was assessed in fibroblast cell line L929 treated with CNP at 

diferente concentrations 500, 250, 100, 50, 10 and 5 nM using MTT assay. Figure 3A 

shows that CNP does not affect the viability of L929 cells compared with non-treated 

group (NC). Moreover, it was noted that 100 nM CNP significantly induces cell growth 
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(15%) compared with control (non-treated cells). The photoprotective effect of CNP in 

L929 cells against UVA radiation was also evaluated. As shown in Fig. 3B, after 

irradiation the cells treated with 100 nM CNP significantly increased (26%) cell viabilty 

compared with UVA group. Based on this, 100 nM was chosen to further investigations. 
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Figure 3. Effect of CNP on viability of non-irradiated and irrradiated L929 cells. (A) Cells were 

treated with CNP (500, 250, 100, 50, 25 and 5 nM) for 24 h. (B) Cells were treated with CNP 

(100 nM), exposed to UVA radiation (30 J/cm
2
) and incubated for more 24 h. In both 

experiments, cell viability was assessed by MTT assay. NC (non–treated and non irradiated 

cells), CNP (treated and non-irradiated cells), UVA (non-treated and irradiated cells) and CNP + 

UVA (treated and irradiated cells). *p < 0.05: significantly different from NC, **p < 0.01: 

significantly different from UVA, # # #p < 0.001: significantly different from NC.  

 

CNP decreases ROS formation and increases SOD activity and GSH level in UVA-

irradiated L929 fibroblasts 

 

 The intracellular antioxidant activity of nanoceria on UVA-induced L929 

oxidative stress was analized using H2DCF-DA. We observed that immediatelly after 

irradiation, CNP showed a great effect, reducing 60% of intracelular ROS formation, 

compared with UVA (Fig 4A). Similar effect (60%) was observed for SOD treatment 

(Fig. 4A). NAC and CAT inhibited 55% and 30% of ROS, respectively compared with 

UVA. A time course analysis (Fig. 4B) showed that CNP effect persisted for 48 h. After 

1 h of a single dose of UVA radiation, CNP significantly (26%) reduced ROS formation 
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compared with UVA. This effect lasted until 24 h with significantly ROS reduction up 

to 30% compared with UVA. After an additional dose of UVA irradiation, CNP was 

still able to reduce ROS production. This effect was again persistent for more 24 h with 

a significantly ROS reduction up to 46 %. For the time 0, 26 and 48 h we can see that 

CNP decrease UVA-induced ROS production, however it was not significative. 

 CNP effect on L929 intracelular antioxidant enzymes SOD and GSH activity 

was also determined. Figure 4C and D show that the exposure of L929 cells to UVA 

significantly decreases SOD activity (55%) and GSH levels (50%) compared with NC. 

The treatment with CNP led to a significant increase in the activity of SOD (25%) and 

GSH levels (47%) compared with UVA. Pretreatment with NAC also significantly 

increased SOD activity and GSH levels by 25 and 65%, respectively. 
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Figure 4. CNP antioxidant effect on UVA-irradiated L929 fibroblasts. (A and B): detection of 

total ROS in L929 cells treated with CNP (100 nM) for 24 h and irradiated with UVA, using 

H2DCFDA. (A): cells were exposed to UVA radiation (30 J/cm
2
) and the readings performed 

immediately after irradiation. (B): cells were exposed to UVA radiation (15 J/cm
2
), and the 

readings performed in different times (0, 1, 2, 4, 6 and 24 h). After 24 h of incubation the cells 

were reirradiated with 15 J/cm
2 

and the readings performed in different times (26, 28, 30 and 48 

h). The level of intracellular ROS is expressed as the percentage mean of DCF fluorescence 
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intensity. (C) detection of SOD activity and (D) GSH levels in L929 cells treated with CNP 

(100 nM) for 24 h and irradiated with UVA (30 J/cm
2
). The readings were performed after 1 h. 

SOD activity assessed by autoxidation of pyrogallol. GSH content was assayed by the o-

phthalaldehyde method. NC (non-treated and non-irradiated cells), UVA (non-treated and 

irradiated cells), CNP + UVA (treated and irradiated cells), CNP (treated and non-irradiated 

cells), NAC + UVA (cells treated with N-Acetylcysteine and irradiated). SOD + UVA (cells 

treated with superoxide dismutase and irradiated), CAT + UVA (cells treated with catalase and 

irradiated). *p<0.05: significantly different from UVA, **p<0.01: significantly different from 

UVA, # # #p<0.001: significantly different from NC. 

 

 

CNP induces L929 cell proliferation in UVA-irradiated L929 fibroblasts 

 To understand the possible ability of CNP on L929 cell proliferation, we 

performed a growth curve assay. In non-irradiated cells CNP increased significantly 

about 12% cell growth in all tested days compared with NC (Fig. 5A). CNP treatment 

also induced a progressive cell growth in 1, 2, 3, 4 and 5 days after radiation of 2.5, 5.1, 

5.3, 11 and 15 fold, respectively compared with UVA (Fig 5A). Cells were also counted 

24 h after irradiation considering live and dead cells. As shown in Fig. 5B, the dead 

cells in CNP irradiated cells was 22 % and 14% in NAC treated cells compared with 

UVA. 

 In addition of CNP induced L929 cell growth, we evaluated the CNP L929 

regeneration potential in wound repair. Wound recover in cells under normal conditions 

(NC) was 44% at 24h and 58% at 48h compared with time zero (Fig. 5C and D). The 

wound repair was significantly higher in cells treated with CNP than those in the control 

group (NC). This increase was 64% and 81% after 24 h and 48 h, respectively. In UVA 

group was observed no proliferation of cells, but CNP treatment after UVA radiation 

promoted 30 and 55% of wound repair after 24 and 48 h of irradiation, respectively. 
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Figure 5. Evaluation of L929 cell proliferation. (A, B) Effect of CNP on L929 cells growth. 

Cells were treated with CNP (100 nM) for 24 h followed by irradiation with UVA (30 J/cm
2
) 

and incubated for 1, 2, 3, 4 and 5 days. Every 24 h cells were counted using trypan blue dye 

exclusion method, for 5 days considering live cells. Dead and live cells were quantified after 

24h incubation after irradiation (day 1) and counted by trypan blue dye exclusion method. (C 

and D) Wound healing assay. L929 cells were treated with 100 nM CNP for 24 h, irradiated 

with 30 mJ/cm
2
 UVA, and cells were scratched. Representative cell images from each group in 

the indicated time points after scratrch are shown. The area of the wound was measured at the 0, 

24 and 48 h time points and compared in every group. Photomicrographs were taken at ×5 

magnification in a light microscope. NC (non-treated and non-irradiated cells), UVA (non-

treated and irradiated cells), CNP + UVA (treated and irradiated cells), CNP (treated and non-

irradiated cells), NAC + UVA (cells treated with N-Acetylcysteine and irradiated). ## p < 0.01: 

significantly different from NC, ### p < 0.001: significantly different from NC, *** p < 0.001: 

significantly different from UVA. 

 

CNP inhibits senescence and apoptosis in UVA-irradiated L929 fibroblasts 

 The effect of CNP in UVA-induced cellular senescence of L929 cells was also 

evaluated using fluorescein di-β-D-galactopyranoside (FDG). As shown in Fig. 6A, we 

observed that UVA radiation induced significantly cell senescence (66%) after three 

days of irradiation. β-galactosidase activity was not detected after a short period of 

analysis (less than 3 days after irradiation) (data not shown). CNP treatment 

significantly decreased (32%) β-galactosidase activity in irradiated cells, compared with 

UVA. A significant decrease in β-galactosidase activity was also observed for NAC 

(45%). DOXO, used as a positive control, increased 89% of β-galactosidase activity 

compared to NC. 

 The effect of CNP in UVA-induced apoptosis of L929 cells was assessed by 

measuring Caspase 3/7 levels. Figure 6B shows a significant increase in the activity of 

Caspase 3/7 (57%) in UVA irradiated L929 cells compared with NC. CNP treatment 

decreased by 25% the activity of Caspase 3/7 in irradiated cells, compared with UVA. 

For NAC this effect was higher (53%) than CNP. CAMP, used as a positive control, 

increased the activity of Caspase 3/7 like activity by 74%, compared with NC. As 
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expected, the group incubated with the caspase inhibitor Ac-DEVD-CHO decreased the 

UVA (43%) and CAMP (55%) effect in Caspase 3/7 activity. Interestingly, CNP had a 

similar effect (25%) as observed for the caspase inhibitor on UVA-induced Caspase 3/7 

activity.  

 Additional signals of apoptotic features were assayed studing mitochondrial 

dysfuntion. Thus, the effect of CNP in mitochondrial membrane potential of UVA 

irradiated L929 cells was assessed using TMRE. Figure 6C shows significant 

mitochondrial membrane despolarization in UVA exposured cells (44%), compared 

with CN. CNP treatment protected cells by significantly decreasing 20% the 

mitochondria depolarization, compared with UVA. Similar effect was observed for 

NAC (26%). 
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Figure 6. Assessment of senescence and cell death in L929 cells. (A) Senescence-associated b-

galactosidase (SA-bG) activity measured based on fluorescein production. Cells were treated 

with 100 nM CNP and irradiated with to 10 J/cm
2
 for 3 consecutive days and incubated for 24h. 

Fluorescence was measured after 24 h of incubation with FDG. (B) Caspases 3/7 like activity. 

Cells were treated with 100 nM CNP and irradiated with 30 mJ/cm
2 

UVA. Caspase-3/7 activity 

was measured using Z-DEVD-AMC substrate after 24 h of irradiation. (C) Measurement of 

mitochondrial dysfunction. Cells were treated with 100 nM CNP and irradiated with (30 J/cm
2
) 

After 2 h of incubation, cells were stained with the fluorescent probe (TMRE, 100 nM). NC 

(non-treated and non-irradiated cells), UVA (non-treated and irradiated cells), CNP + UVA 

(treated and irradiated cells), CNP (treated and non-irradiated cells), NAC + UVA (cells treated 

with N-Acetylcysteine and irradiated), DOXO (cells treated with doxorubicin and non-

irradiated), CAMP (cells treated with camptothecin and non-irradiated), CCCP (cells treated 

with carbonyl cyanide 3-chlorophenylhydrazone and non irradiated. ### p < 0.001: significantly 

different from NC, *** p < 0.001: significantly different from UVA, ** p < 0.01: significantly 

different from UVA, * p < 0.05: significantly different from UVA. 
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CNP inhibits ERK phosphorylation in UVA-irradiated L929 fibroblasts 

 To assess ERK contribuition on death, survival or proliferation of L929 cells 

under UVA radiation we performed western blot assay. As shown in Fig. 7A and B, 

ERK phosphorylation in UVA group was significantly increased after 2 h (1.31 fold), 

12 h (1.98 fold) and 24 h (2.87 fold) of irradiation compared with NC. In CNP treated 

cells ERK phosphorylation was significantly lower in 12 h (1.79 fold) and 24h (2.2 

fold) compared with UVA group. NAC used as an antioxidant control decreased UVA-

induced ERK phosphorylation in 12 h (1.4 fold) and 24 h (1.21 fold) but this decrease 

was not significant. 
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Figure 7. ERK phosphorylation and cell cycle analysis. (A and B) ERK 1/2 phosphorylation 

was performed by Western blot. After 24 h of CNP (100nM) treatment and UVA exposure (30 

J/cm
2
) cell lysates were prepared for subsequent analysis by polyacrylamide gel electrophoresis 

followed by western blot analysis for ERK 1/2 (ERK total), phospho-ERK 1/2 (p-ERK 1/2) and 

PCNA. The density of each band was normalized with corresponding PCNA levels (bar graphs). 

NC (non-treated and non-irradiated cells), UVA (non-treated and irradiated cells), CNP + UVA 

(treated and irradiated cells), CNP (treated and non-irradiated cells), NAC+UVA (cells treated 

with N-Acetylcysteine and irradiated). # p < 0.05: significantly different from NC, ** p < 0.01: 

significantly different from UVA, # # p < 0.01: significantly different from NC. 

 

4. Discussion 

 CNPs cytoprotective effect was already described in UVA-irradiated fibroblasts 

[17]. This effect is closed related to CNPs’ self-regenerative redox cycling property 

combining CAT- and SOD-mimetic antioxidant activities [5,6]. Here our goal was to 

reveal whether under UVA-induced oxidative redox imbalance CNP might also induce 

fibroblasts proliferation instead only protection. Our data showed that CNP restores the 

endogenous antioxidant enzymes activity which in turn prevents cell aging and triggers 

the activation of signaling pathways that control cell proliferation.  
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 We first showed that CNP induced no L929 cytotoxicity even at high 

concentrations (data not shown). We also observed that nanoceria uptake by L929 cells 

was time dependent and at 24 hours it had a significant uptake and seemed to be located 

around the nucleus. Uptake efficiency is affected by particle properties, experimental 

conditions and cell type [18]. Co-localizion with these CNPs has already been reported 

and showed its localization in multiple compartments such as mitochondria, lysosomes 

and endoplasmic reticulum and in the cytoplasm and the nucleus [19]. 

 The UVA radiation might induce cellular damage through the activation of ROS 

overproduction [20]. Our results showed that the pre treatment with nanoceria was 

effective to protect L929 cells from the toxic effect of UVA and decrease L929 cells 

UVA-induced ROS production after 24 h of UVA irradiation and this effect persist even 

after a further dose of UVA exposure.From this data we could see that UVA-irradiated 

fibroblasts has increased ROS production in a time dependent manner and nanoceria 

was still active up to 48h. This extended ROS inhibition effect of nanoceria is mainly 

centered on Cerium that can exist in both valence state (Ce
3+

/Ce
4+

) and in the presence 

of oxygen is able to interchange between these two valences. This interchangeability of 

nanoceria also allows its self-regeneration, which may collaborate to its extended 

activity as well. Higher concentration of Ce
3+

 on the nanoparticle surface also means 

SOD like activity as it sequester O2
-
 by reducing to Ce

4+
. In addition, nanoceria restored 

important antioxidant enzymes, SOD and GSH. These effects were possible due to CNP 

enzimes like activities and also due to decrease of ROS and consequent attenuation of 

oxidative stress, which was also observed with the well-known antioxidant NAC. 

 We then found that the CNP antioxidant protection against UVA irradiation also 

mediate intracellular ROS-dependent signaling pathways that are regulated by low ROS 

concentration. Pretreatment with nanoceria as well as NAC significantly decrease UVA-

induced cellular senescence. ROS play a central role as mediators of cellular senescence 
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leading to permanet cell cycle G1 arrest [21,22]. Additionally, we found that nanoceria 

decreased apoptosis assessed by caspase3/7 levels and improve mitochondria ΔΨm by 

TMRE labeling. We also found that nanoceria not only inhibited L929 death but also 

induced L929 proliferation. Our data showed that nanoceria increased, in a time 

dependent manner, the proliferation in both non-irradiated and UVA-irradiated cells. 

 Nanoceria also showed to be able to stimulate wound regeneration even after 

irradiation. Some studies has also shown that the regenerative potential of cerium oxide 

nanoparticles in both cell culture and animal models [3,23,24]. The mechanism by 

which nanoceria induce cell proliferation is not completely understood. Some authors 

relate this effect to the valence state, others to activation of survival pathways such as 

stimulation of Bcl-2 expression and reduction of stress condition [25] or by nanoceria 

capacity in reducing apoptosis and activating ERK pathway [26]. Interestingly, herein 

we found that nanoceria increase proliferation however decreased UVA-induced ERK 

activation. The ERK activation is tighed regulated and its correlation with profiferation 

or cell death might depend on different factors such as the stimuli and cell type [26]. 

 

5. Conclusion 

 The direct antioxidant protective effect of nanoceria against the UVA-induced 

L929 damage play a key role in the activation of signaling pathways that control cell 

aging, death and proliferation. Nanoceria might be a potential ally with the intracellular 

antioxidant enzymes to fight UVA-induced photodamage and consequently drive cells 

to survival and proliferate mechanisms. 
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